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ABSTRACT
Sources of inoculum, factors affecting spatio-temporal spread, and yield 
loss caused by Puccinia recondita f. sp. tritici on wheat
Kramer-Collins 7-day spore samplers were operated continuously at two locations, 
Baton Rouge and Bossier City, during 1986 and 1987, and daily urediniospore counts 
were taken. Number and viability of spores trapped was maximum during the active 
epidemic period and viability was significantly inversely correlated with ambient 
maximum temperature. Leaf rust appeared in numerous microplots of McNair 1003 
during summer. Rusts from Hordeum pusillum Nutt, and Lolium multiflorum Lam. 
failed to infect wheat. Surveys during mid-December in Baton Rouge and Alexandria, 
showed uniform leaf rust distribution over a large area and the possibility of a major 
exodemic source of leaf rust inoculum for Louisiana.
Effects of time of inoculation on leaf rust development and factors affecting leaf rust 
increase and spread were determined on McNair 1003, Rosen, and Terral 812. 
Sequential inoculations of McNair 1003 plots were made and leaf rust development was 
monitored. Increase and spread of leaf rust in all plots occurred in March with the onset 
of warmer temperatures. Leaf rust severity was highly correlated with cumulative degree 
days (CDD) (>20 C) following inoculation. Regression analysis indicated that leaf rust 
development in Louisiana can be predicted using CDD and leaf rust severity two weeks 
before prediction. Leaf rust spread occurred at constant rate and velocity of spread was 
affected by cultivar resistance and time of inoculation.
Inoculations at early growth stages with different levels of inoculum affected the rate 
of leaf rust development. Epidemics with common onset stages and different initial 
inoculum levels differed in AUDPC. Leaf rust epidemics initiated early with higher 
inoculum levels had greatest effect in reducing yield. Yield reductions were directly 
related to AUDPC and were mainly caused by lower grain weight.
The contributions of different tiller parts to grain yield of McNair 1003 and the effect 
of leaf rust were determined by defoliation and inoculation. Contributions of the tiller
parts estimated by the regression model Y*j = Pg+PiFi+P2(Fi'l)+P3(F'i~2)+P4(Fi-3)+£ij, 
indicated that highest contributions to yield come from nonfoliar parts, comprising stem, 
leaf sheaths, ear, and awns, followed by Flag (F), F -l, and F-2 leaves. Estimated 
relative contributions of the different tiller parts were not altered by leaf rust and grain 
yield reduction was directly related to the amount of photosynthetic tissue destroyed by 
leaf rust and relative healthy area duration.
CHAPTER I
Detection, Viability and Possible Sources of Urediniospores of Puccinia 
recondita f. sp. tritici in Louisiana
ABSTRACT
Kramer-Collins 7-day spore samplers were operated continuously at two locations, 
Baton Rouge (BR) and Bossier City (BC), and daily urediniospore counts were taken. 
Number of spores trapped and their viability was maximum during the active epidemic 
period between February and May and least during the summer. Viability of the 
urediniospores was significantly inversely correlated with ambient maximum temperature (r 
= -0.81 at BR and -0.59 at BC). The highest consecutive number of days that no 
urediniospores were trapped was 6 and 7 in 1986 and 1987, respectively, at BR, and 31 
and 14 in 1986 and 1987, respectively, at BC. McNair 1003, susceptible to the prevalent 
leaf rust population, was planted in 1986 and 1987, from May 1 through September 18, at 
14- to 20-day intervals at BR. Leaf rust appeared in many plantings and survived 
temperatures up to 36 C for 82 days in 1986 and 74 days in 1987. McNair 1003 plants in 
pots exposed at 14- to 15-day intervals during summer for 2 days in a field at BR and then 
incubated in an air conditioned greenhouse (21 C) developed leaf rust with an incidence of 
12.5-100%. Rust fungi from Hordeum pusillum Nutt, and Lolium multiflorum Lam. 
failed to infect wheat and wheat leaf rust failed to infect the two grasses. Surveys during 
mid-December, 1986 and 1987, at Alexandria and BR, LA, showed uniform distribution of 
leaf rust over a large area indicating the possibility of a major exodemic origin of inoculum 




Soft red winter wheat (Triticum aestivum  L.) harvested for grain in Louisiana 
increased from approximately 27,000 hectares in 1980 to nearly 100,000 hectares in 1987 
(2), owing to the popularity of wheat-soybean double-cropping. Leaf rust, caused by 
Puccinia recondita f. sp. tritici Rob. ex Desm., occurs more frequently in Louisiana than 
any other disease of wheat and causes yield losses of up to 50% (3). Winter wheat is 
normally planted in late October through late November and is harvested by mid-May in 
Louisiana.
The time of onset of leaf rust varies from early December to early February. Disease 
progress generally slows with the onset of cooler temperatures in early January and then 
progresses faster with the onset of warmer temperatures in early March. Similar 
observations were made in Texas (17). The critical period in the disease cycle for the 
survival of the fungus is the interval between the time of harvest in May and the emergence 
of new wheat in early November. How the fungus survives during this period is 
unknown. Thalictrum flavum  L. is an alternate host for P. recondita f. sp. tritici but is 
extremely rare in the United States (15,28). Other grasses such as Aegilops spp. (1), 
Bromus spp. (4,31), Hordeum  spp. (1,13), and Lolium  spp. (27) are occasionally 
infected by P. recondita f. sp. tritici. The fungus also thrives on volunteer wheat plants, 
usually as dormant mycelium and occasionally as sporulating mycelium (5,29). Race 
determination studies have been used to demarcate distinct epidemiological zones 
depending on the regularity and frequency of occurrence of certain races. Based on these 
results, oversummering and overwintering within each epidemiological zone was 
postulated (16), and circumstantial evidence obtained during an 8-year leaf rust race survey 
in Pennsylvania supported this theory (23). Studies in the Great Plains in the United States 
have demonstrated the presence and local movement of viable inoculum throughout the year 
in locations where studies were conducted (10) and that one of the principle factors which 
determines the duration of urediniospore survival is temperature (8).
Sources of primary inoculum for leaf rust of wheat in Louisiana have not been
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determined. Conditions for the survival of P. recondita f. sp. tritici (29) are marginal in 
Louisiana during the summer. Temperatures are usually in the range (33-37 C) that 
reduces the amount of sporulation (26) and longevity of spore viability (8). Longevity of 
spore viability at high temperatures is also known to be affected by the location of 
urediniospores on soil or on living tissue. Soilbome urediniospores survive simulated 
temperatures of 34/22 C day/night regime for up to 22 days on moist soil, 13 days on dry 
soil and 8 days on dry foliage (12). Urediniospores on dry wheat foliage also are known 
to survive for at least 9 days at near-optimal (20 ±  1 C) temperatures (30).
This study was undertaken to determine if any grasses in Louisiana support the growth 
and survival of the fungus, to determine the temporal availability of viable inoculum in the 
state and test its potential effectiveness, and finally to determine the possible sources of the 
inoculum for the state. Preliminary results of these studies have been published (24,25).
MATERIALS AND METHODS 
Experiments reported in this paper were conducted during 1986 and 1987 at three 
Louisiana Agricultural Experiment Stations (LAES), the Ben Hur Research Station, the 
Red River Research Station, and the Dean Lee Research Station, located at Baton Rouge 
(BR), Bossier City (BC), and Alexandria (Alex), respectively (Fig.l). Leaf rust surveys 
were conducted at BR and Alex.
M onitoring urediniospores. Kramer-Collins (KC) 7-day spore samplers (GR 
Manufacturing Co., Manhattan, Kansas) were operated continuously at BR and BC. 
Silicone grease-coated tape on drums was changed weekly at all locations. Daily 
urediniospore counts were made, and the number of urediniospores/m3 air/day was 
calculated following the procedures of Eversmeyer et al. (10). Tapes showing more than 
two trapped spores per day were incubated in moist chambers for 12 hr at 23+1 C.
A spore was considered germinated if a germ tube of at least 3 Jim was observed. 
Germinated urediniospores were counted after 14 hr of incubation, and percentage of the 
number of germinated divided by the total number trapped was used as a measure of the 
viability of the inoculum (10). Daily ambient air temperature data were collected from
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automated weather stations at both locations, and weekly mean maximum temperatures 
were computed for each location in both years. The relationship between the weekly 
urediniospore viability and the weekly mean maximum temperature was determined by 
correlation and regression analysis with SAS procedure CORR (22) and PLOTIT 
procedure NONL (7).
Field experiments at BR. To confirm the potential effectiveness of the airborne 
inoculum, McNair 1003, susceptible to the prevalent pathogen populations, was planted in 
1 m2 plots during the 1986 and 1987 summer seasons at BR at 14- to 20-day intervals 
beginning May 3 and continuing until October 18. Successive plantings were separated by 
50 m to reduce the chances of contamination from one plot to another. The percentage 
(incidence) of infected plants observed and area percentage (severity) of the individual 
leaves on each infected plant were determined using the modified Cobb's scale (18). The 
number of days that leaf rust persisted was recorded for each planting. Leaf rust isolates 
from each of these plantings along with an isolate from the previous season maintained on 
the susceptible cultivar McNair 1003 in an air conditioned greenhouse (21 C), were sent to 
the Cereal Rust Laboratory, University of Minnesota, St. Paul, Minnesota, for race 
identification. In another experiment, McNair 1003 was planted in 8-cm diameter pots in 
an airconditioned greenhouse. At growth stage (GS) 4 of Feeke's scale (14), 50 plants 
were exposed for 2 days in a field at the Ben Hur Research Station. The plants were then 
transferred to the greenhouse and incubated initially in a dew chamber for 16 hr at 18 C and 
subsequently on greenhouse benches at 21 C for 10 days. Unexposed plants were 
incubated in a similar manner to serve as controls. The number of rusted plants and the 
number of uredinia on rusted plants were counted.
Collateral hosts. Rust was observed on Hordeum pusillum  Nutt, and Lolium  
multiflorum  Lam. at BR during the 1986 and 1987 wheat growing seasons. Infected 
plants were uprooted, transplanted into pots, and maintained in the greenhouse. The size 
and color of 100 randomly-selected urediniospores of the rust on grasses and leaf rust of 
wheat were determined. To test the pathogenecity of rusts from the two grasses on wheat 
and vice versa, leaf blades of all plants to be inoculated were gently rubbed with a cotton
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swab to remove wax coating. An aqueous suspension of urediniospores (ca. 106/ml) from 
the grasses was inoculated to 10 McNair 1003 seedlings at GS 4 and wheat leaf rust 
urediniospores were inoculated to 10 plants of each grass. The inoculated plants were 
incubated in a dew chamber at 18 C for 16-18 hr followed by 10 days in the greenhouse at 
21 C. Observations on the presence or absence of leaf rust on inoculated plants were made 
15 days after inoculation. This experiment was repeated three times.
Field survey during December 1986. Field surveys were conducted in two 
fields of leaf rust-susceptible McNair 1003 at Alex and BR during mid-December, 1986 
and 1987. The surveyed fields measured 500 x 200 m at Alex and 150 x 60 m at BR. 
Seedlings were at GS 4 and GS 3 at Alex and BR, respectively. The field at BR was 
observed at 4-day intervals from seedling emergence for the onset of leaf rust. A diagonal 
method of field sampling was employed with 20 plots of 1 m2 in 1986 and row plots of 1 
m length in 1987 observed to determine the leaf rust incidence in each plot, number of 
leaves infected on each seedling, and secondary pustule occurrence. Lesions on five 
randomly selected seedlings from each plot were measured using a microscope with an 
ocular micrometer at 160 x power.
The time of infection was determined using the method of Eversmeyer et al. (9), which 
takes into consideration the effective accumulated temperature and the corresponding length 
of the incubation period. An alternative method of deduction using the initial date the 
disease was observed on the uppermost leaf and the date of emergence of the first 
uninfected leaf was used to confirm the time of infection. The number of spores sampled 
by the KC 7-day sampler also was consulted for changes in the number of spores 
trapped/day.
RESULTS
Spore trapping. Highest annual numbers of urediniospores trapped/m3 air/day was
2.6 and 74.9 in May 1986, and April 1987, respectively, at BR. The least number of 
urediniospores trapped at BR was 1/10 m3 air/day during August to November in both 
years (Table 1). At BC, the highest number of spores trapped in 1986 was 0.1, and no
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spores were trapped during March, 1986. In 1987, the highest number of spores trapped 
was in April and the least was during July to February, 1987 (Table 1). Spore numbers 
were low in BC during February to April, 1987 compared with the spore numbers in BR 
(Table 1).
The percent viability of the trapped urediniospores was highest during November 1986 
and February 1987 at BR, and December 1986 and March 1987 at BC. Viability ranged 
between 27 and 32% during May to August 1986, and 28 and 37% during June to 
September 1987 at BR. Viability was least in BC in July 1986 and August 1987 (Table 1).
Viability of urediniospores was significantly correlated inversely with ambient 
temperature at both locations (r = -0.81; P = 0.0001 at BR and r = -0.59; P = 0.0003 at 
BC). The data fit the exponential decay regression model with a significant R2 = 0.64; P 
= 0.01 (Fig. 2). The optimum range of temperature for high viability was from 12-27 C 
(Fig. 2).
The number of consecutive days that no urediniospores were trapped varied from 0-7 in 
both years at BR and 2-31 in 1986, and 3-14 in 1987 , at BC. The number of consecutive 
days that no urediniospores were trapped was least from February to May at BR in both 
years.
Field experiments a t BR. Leaf rust appeared in microplots of McNair 1003 
seedlings planted in May, August, and September 1986. Leaf rust also appeared on 
McNair 1003 seedlings planted in June 1987, July 3,1987, and September 1987 (Table 2).
Leaf rust that appeared on May 15,1986 and June 18,1987 (Table 2) survived summer 
temperatures in the range 33-37 C for 82 days and 74 days, respectively. Leaf rust on 
McNair 1003 planted in August 1986 and September 1987 persisted for more than 130 
days and 86 days respectively (Table 2), and continued well into the early stages of the 
wheat growing season. The incidence and severity in 1986 varied from 0-100% and 0- 
60%, respectively, and in 1987, incidence ranged from 0-90% and severity was 0-35% 
(Table 2). Leaf rust isolates sent to the Cereal Rust Laboratory were identified as race UN 
2 with a phenotype of p 3,11 in 1986 and p 3,10 in 1987. The former (p 3,11) is a race 
frequently observed wherever soft red winter wheat is grown.
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Leaf rust appeared on McNair 1003 in all the treatments exposed in the field from May 
to October, 1986 and June to September, 1987 (Table 3). Rust incidence was low in plants 
exposed in July, 1987. The incidence varied from 25-100% in 1986 and 12-100% in 1987 
(Table 3). The percentage of infected leaves (within-plant incidence) was 3-20% in 1986 
and 5-14% in 1987 (Table 3). The number of uredinia tended to be least during August,
1986 and July, 1987. Severity was low in all treatments (Table 3). Uretuniospores were 
trapped on many days when seedlings were exposed. None of the unexposed seedlings 
maintained as checks developed leaf rust (Table 3).
Collateral Hosts. The urediniospores from all three sampled hosts were brown and 
round. Spores from H. pusillum and L. multiflorum measured 20.7-29.9 pm and 18.0- 
30.0 pm, respectively, compared with the urediniospores from P. recondita f. sp. tritici 
on wheat, which were 20.7-29.9 pm. In inoculation experiments, urediniospores from the 
two grasses failed to infect wheat and conversely leaf rust on wheat failed to infect the two 
grasses.
Field survey during m id-Decem ber, 1986 and  1987. No leaf rust was 
observed on mid-October seeded McNair 1003 wheat until mid-December, 1986 and 1987 
at BR. Growth stage of the surveyed wheat was GS 3 in BR and GS 4 at Alex both years 
(Table 4). The plot rust incidence ranged from 60-100% in 1986 and from 2.4-15.4% in
1987 at Alex and varied between 50-100% in 1986 and 2.1-12.5% in 1987 at BR (Table 
4). The percent infected leaves in the seedlings in 1986 was 17.2-57.1% at Alex and 17.2- 
60% at BR. In 1987, the percentage of infected leaves at Alex and BR was 14.3-50% and 
28.3-57.5%, respectively (Table 4). The initial infections were similar in age and position
i
on the wheat seedlings. The position of the uppermost infected leaves in plants was 
uniform throughout the plots at each location in both years, and secondary pustules were 
absent on all plants.
Both deduction methods determined the date of inoculum arrival and possible period of 
infection as November 23-25,1986 and November 16-18,1987. Rainfall occurred during 
the indicated infection periods at both locations each year (Fig. 3). Low numbers of
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urediniospores were trapped during November 21-25, 1986 and November 16-18, 1987 
(Table 1).
DISCUSSION
The presence of viable leaf rust urediniospores in Louisiana was confirmed by spore 
sampling. The degree of the viability of P. recondita urediniospores was associated with 
the ambient maximum temperature prevalent in Louisiana.
The germination of urediniospores trapped in summer months (Table 1), initiation of 
leaf rust on wheat sown in summer (Table 2), and development of leaf rust on wheat 
seedlings exposed during summer and incubated in the greenhouse (Table 3) indicate that 
the P. recondita urediniospores trapped during summer months were viable. However, 
rust severity was low on the exposed seedlings and did,not increase on summer-sown 
wheat plants during summer. It is interesting to note that viable inoculum was present 
during the summer months when the temperatures were usually greater than 32 C. In a 
similar study, Eversmeyer et al. (11) also reported the occurrence of P. recondita uredia on 
both early- and late-planted (August - October) wheat in Kansas.
Temperatures above 32 C have been reported to be sub-optimal for urediniospore 
production (26) and viability (8). We observed the lowest levels of urediniospore viability 
during months when the maximum temperatures were above 32 C. The P. recondita 
urediniospores have a wide range on either side of the optimum temperature (20 C) for 
maximum viability, with a rapid reduction in the viability at temperatures above 32 C (Fig. 
2). This is similar to the relationship between the leaf rust fungal growth and temperature 
(19). The deviation from the predicted value (Fig. 2) could possibly be caused by the 
delayed viability tests in some weeks. Eversmeyer et al. (10) reported that the viability of 
urediniospores trapped during the summer months in the Great Plains varied from 33-81%. 
Viability of the trapped urediniospores during summer in Louisiana was in the range 11.5% 
to 42.5%. Therefore, conditions in Louisiana may not prevent leaf rust from surviving 
during summer months.
Greatest urediniospore concentration and highest viability in the Great Plains was
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observed during the active epidemic development (10). Our results also indicate that the 
highest spore concentration and viability occur during the active epidemic phase. In 1986, 
the spore trap at BR was located in an area used for fungicidal screening trials, and 
therefore, the lower numbers of urediniospores were probably caused by low disease 
incidence in sprayed plots.
Leaf rust is reported to survive on dry wheat foliage (30), residual wheat and volunteer 
wheat plants (5,6,11), which can act as green bridges between seasons (20). Numerous 
field surveys during summer months showed that volunteer wheat plants in Louisiana are 
rare and as a result, volunteer plants would probably not be a significant source of 
inoculum. However, in Mexico, oversummering of leaf rust on volunteer wheat plants in 
1976 provided abundant inoculum to cause severe leaf rust epidemics in large areas planted 
with the susceptible wheat cultivar, Jupateco 73 (6). Volunteer wheat plants may therefore 
become a significant source of leaf rust inoculum when they survive in large numbers. In 
Louisiana, areas planted with wheat rarely remain untilled. Soybean crops usually follow 
wheat crops, thereby reducing the chances of volunteer wheat growth and survival. The 
number of urediniospores detected in air are low in summer and further studies are needed 
to elucidate the source(s) of the urediniospores trapped during this period, and to explore 
the movement of inoculum from neighboring states.
Both grasses used in the study are annuals and did not develop leaf rust in repeated 
controlled inoculations with P. recondita f. sp. tritici. Thus, it appears that they do not 
function in the disease cycle. Leaf rust also was observed on Aegilops cylindrica Host, in 
many states in the United States (D.L. Long, unpublished data). In Louisiana however, 
A. cylindrica does not occur, and is therefore, not a factor in urediniospore survival.
In Louisiana, appearance of leaf rust during the wheat growing season varies from 
early December to early February. In December, 1986 and 1987, leaf rust suddenly 
appeared over a large area. This suggests the possibility of an exogenous source of initial 
inoculum. Occurrence of rainfall during the indicated infection period (Fig. 3), and the 
characteristics of the disease resulting from exogenous inoculum (19), such as, uniformity 
of the position of infections on wheat seedlings, uniformity in the size of pustules (Table
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4), and the absence of secondary pustules at both locations each year are circumstantial 
evidence suggesting rain-washed urediniospores were probably responsible for infection. 
Further, the similarity of events at both locations seem to indicate that infection at the 
locations occurred at or about, the same time. Similar observations on stem rust were made 
by Rowell and Roelfs (21). The spore traps failed to detect an increase in the 
urediniospores in air probably because of scrubbing of urediniospores by rain from air 
during the deposition process.
Eversmeyer et al. (11) compared the pathogenecity of overwintering leaf rust inoculum 
and the airborne inoculum deposited on the plots in Kansas, and concluded that the 
overwintering inoculum may cause higher yield losses than the airborne inoculum.
It is possible, therefore, that in years when exodemic inoculum is present, the disease 
appears early in the wheat growing season. In the absence of the exodemic inoculum, the 
local viable inoculum may build up on susceptible wheat sown in September for forage 
purposes. This may provide the initial inoculum for the winter wheat cultivars and perhaps 
explains why there is a delay in leaf rust appearance in some years in Louisiana.
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Table 1. Mean number of Puccinia recondita-type urediniospores trapped during 1986 and 1987 by 
Kramer-Collins 7-day volumetric spore samplers at Baton Rouge and Bossier City, Louisiana
Mean number of urediniospores Viability*3 Consecutive days on which
trap p ed /m 3 a ir /d a y (% ) no spores were trapped
Month
Baton Rouge Bossier City Baton Rouge Bossier City Baton Rouge Bossier City
1 9 8 6 19 8 7 1 9 8 6  1 9 8 7 1 9 8 6 1 987 1 9 8 6 1 9 8 7 1 9 8 6 1 987 1 9 8 6  1 9 8 7
January
a
0.6 . 0.1 . 77.5 _ 70.9 . 5 _ 3
February - 1.2 0.1 0.1 - 80.2 - 70.9 - 1 6 5
March 0.9 6.0 0.0 0.2 - 72.7 - 78.0 1 1 31 5
April 0.4 74.9 - 2.1 - 76.8 - 69.5 0 0 - 3
May 2.6 - - 0.9 32.4 - - 70.4 0 - - 4
June 0.5 0.2 0.1 0.2 27.5 37.5 - 42.5 0 1 2 3
July 0.2 0.2 0.1 0.1 28.9 35.0 11.5 33.8 5 4 7 3
August 0.1 0.1 0.1 0.1 30.0 28.0 - 30.0 6 3 8 4
September - 0.1. 0.1 0.1 - 35.5 50.0 - - 7 9 1 1
October 0.1 0.1 0.1 0.1 50.0 49.9 66.7 33.3 3 7 1 1 12
November 0.1 0.1 0.1 0.1 72.2 75.0 - - 2 5 10 14
December 0.2 0.2 0.1 0.1 70.3 80.0 83.3 - 5 2 9 12
a Spore sampler not operational.
b Viability test conducted only when more than two urediniospores were trapped on a day. Figures are the mean 
of 4 weeks. Spores with germ tube at least 3 pm in length were considered germinated and viable.
Table 2. Development of Puccinia recondita  f. sp. tritici on a susceptible cultivar McNair 1003, 
planted at 14- to 20-day intervals during 1986 and 1987 summer season s in a field at Baton Rouge, 
Louisiana
Date leaf rust Number of days Incidence0 S everityd
Date planted appeared3 rust persisted*3 (% ) (% )
1986 1987 1986 1987 1986 1987 1986 1987
May 1 May 15 - 82 0 100 0 60 0
May 18 July 6 - 15 0 40 0 1 0 0
June 3 . 8 June 18 0 74 0 90 0 35
June 18 - July 15 0 68 0 64 0 15
July 3 - July 29 0 20 0 34 0 2
July 18 - - 0 0 0 0 0 0
August 3 Oct. 4 - >130 0 100 0 60 0
August 18 Nov 17 - >85 0 100 0 30 0
September 3 Nov 24 Oct. 26 >75 >86 55 27 20 1
September 18 Nov 24 Oct. 26 >75 >86 10 25 2 1
a The plots were observed at 4-day intervals for the presence of leaf rust. 
b The number of days leaf rust persisted in the plots on living plants. 
c Incidence was scored on the date leaf rust appeared. Based on one plot for each date 
of planting.
d Leaf rust severity was scored using a modified Cobb's Scale 10 days after it 
appeared.
e Leaf rust did not appear in these plantings.
Table 3. Wheat leaf rust incidence on McNair 1003 plants at Feeke's growth stage 4 exposed for two days 
during May -  October, 1986, and incubated in a dew chamber for 16 hr followed by incubation on benches in 







leaves /p lan t  
infected3
Mean no. of 





Mean no. of spores 
Infl air on the 
days of exposure
1 9 8 6 1 9 8 7 1 9 8 6 1 9 8 7 1 9 8 6 1 9 8 7 1 9 8 6 1 9 8 7 1 9 8 6 1 9 8 7
May 3 75. 0 _c 15.5 _ 21.2 <5 0.0 _
May 18 100.0 - 15.8 - 27.9 - <5 - 0.4 -
June 3 62.5 100.0 4.3 13.9 1.6 4.5 <1 <1 1.0 -
June 18 85.7 25.0 11.0 11.2 20.8 2.0 <2 <1 1.3 0.2
July 3 37.5 25.0 10.7 7.9 6.3 3.5 <2 <1 0.0 0.1
July 18 75.0 12.5 3.3 5.0 1.5 1.0 <1 <1 1.1 0.0
August 3 50.0 50.0 3.1 7.0 1.0 1.7 <1 <1 0.1 0.1
August 18 50.0 37.5 5.1 8.9 1.0 4.0 <1 <1 0.0 0.1
Sept. 3 - 37.5 - 10.2 - 2.7 - <1 - 0.0
Sept. 18 25.0 50.0 8.6 12.2 2.5 3.7 <1 <1 0.0 1.1
October 4 50.0 - 7.9 - 2.5 - <1 - 0.0 -
October 18 100.0 - 19.8 - 13.4 - <2 - 0.2 -
Check 0.0 0.0 0.0 0.0 0.0 0.0 0
a Percentage of leaves infected in the plants. Mean of 50 plants. 
b Mean of 50 plants.
c Sampler non-functional/treatments not included.
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Table 4. Wheat leaf rust incidence on cultivar McNair 1003 (Feeke's growth 
stage 3 to 4) during December at Alexandria and Baton Rouge in Louisiana





(mm)cPlot a Le aves /p ia nt  
i n f e c t e d *5 (%)
1 9 8 6 1987 1986 1987 1986 1987
1 A lexandria 87.0 6.1 46.7 42.8 0.03 0.03
Baton Rouge 100.0 7.7 50.0 42.8 0.09 0.10
2 A lexandria 90.0 12.5 45.0 28.6 0.13 0.10
Baton Rouge 100.0 7.3 50.0 42.8 0.13 0.12
3 A lexandria 100.0 6.2 36.0 42.8 0.03 0.06
Baton Rouge 100.0 7.1 50.0 42.8 0.10 0.08
4 A lexandria 86.0 3.5 33.0 28.6 0.14 0.03
Baton Rouge 92.0 3.8 40.0 42.8 0.10 0.10
5 A lexandria 100.0 8.7 42.0 33.3 0.09 0.12
Baton Rouge 80.0 7.3 43.3 57.1 0.11 0.11
6 A lexandria 60.0 6.6 17.2 50.0 0.13 0.12
Baton Rouge 100.0 5.9 60.0 57.5 0.10 0.11
7 A lexandria 100.0 3.4 40.0 28.5 0.23 0.15
Baton Rouge 65.0 7.9 17.2 42.8 0.12 0.10
8 A lexandria 100.0 6.1 40.0 42.8 0.18 0.05
Baton Rouge 75.0 4.8 46.7 42.8 0.21 0.09
9 A lexandria 100.0 5.6 40.0 42.8 0.12 0.12
Baton Rouge 80.0 6.5 30.0 49.9 0.13 0.08
10 A lexandria 100.0 2.4 40.0 42.8 0.19 0.04
Baton Rouge 55.0 12.5 26.7 49.9 0.25 0.09
11 A lexandria 100.0 7.1 39.9 42.8 0.19 0.11
Baton Rouge 85.0 7.7 20.0 49.9 0.28 0.08
12 A lexandria 100.0 6.1 57.1 14.3 0.18 0.09
Baton Rouge 55.0 2.1 26.7 49.9 0.34 0.06
13 A lexandria 100.0 6.2 48.5 14.3 0.24 0.11
Baton Rouge 50.0 6.8 50.0 49.9 0.33 0.08
14 A lexandria 100.0 6.4 48.5 50.0 0.20 0.13
Baton Rouge 50.0 4.9 33.3 42.8 0.18 0.11
15 A lexandria 100.0 10.9 39.9 28.6 0.23 0.07
Baton Rouge 50.0 6.5 60.0 42.8 0.34 0.10
16 A lexandria 100.0 9.7 57.1 28.6 0.03 0.14
Baton Rouge 78.0 4.0 24.0 57.5 0.22 0.09
17 A lexandria 100.0 7.6 48.5 31.4 0.13 0.12
Baton Rouge 82.0 3.8 28.5 57.5 0.18 0.11
18 A lexandria 92.1 15.4 45.2 42.8 0.10 0.10
Baton Rouge 75.0 7.3 46.1 57.5 0.22 0.08
19 A lexandria 95.0 12.5 47.8 40.4 0.12 0.21
Baton Rouge 68.0 4.3 26.4 57.5 0.21 0.08
20 A lexandria 90.0 9.7 48.5 35.5 0.13 0.08
Baton Rouge 76.8 2.5 33.2 42.8 0.19 0.12
a Each plot contained >180 seedlings in 1986 and > 80 seedlings in 1987. 
b Number of leaves infected in seedlings expressed in percentage. 





Fig. 1. Locations in which studies were conducted in Louisiana. The shaded 













4 0 - - 1 .6 5  * Exp (.96  * X) +  85 .5
"O0) 2 0 -
3
4030 3525205 10 15
T em pera tu re  (C)
Fig 2. Relationship between the percentage urediniospore viability and mean weekly 
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Fig. 3. Daily rainfall (vertical lines) and temperature (horizontal curves) for the period of 
November 24 - December 15, 1986 and November 16 - December 12, 1987 and the 
possible dates of inoculum arrival for Alexandria (Alex; dashed lines) and Baton Rouge 
(BR; solid lines).
CHAPTER II
Characterization of Leaf Rust Epidemics in Louisiana
ABSTRACT
Two experiments were conducted to study the effect of time of inoculation on leaf rust 
progress and to study the spatio-temporal spread of leaf rust in Baton Rouge, Louisiana, 
during the 1986-87 and 1987-88 wheat growing seasons. Epidemics were generated by 
sequential inoculation of plots of a leaf rust-susceptible cultivar McNair 1003 at 15-day 
intervals from February 1 to March 15, 1987, and December 1, 1987 to March 1, 1988. 
Depending on the time of inoculation, the incubation period following inoculation varied 
from 8 to 18 days and appeared to be a function of the prevalent temperature. Early 
inoculations resulted in long lag periods and greater areas under the disease progress curves 
(AUDPC). Leaf rust increase in all the plots occurred at the same time in March. The 
average apparent infection rates (r) of the epidemics were significantly different for 
different dates of inoculation. The r values varied from 0.076 to 0.153 units/day in 1986- 
87 and 0.047 to 0.157 units/day in 1987-88. Leaf rust severity was highly correlated with 
cumulative degree days (>20 C) following inoculation. Multiple regression analysis of the 
natural log transformed leaf rust severity with cumulative degree days, leaf rust severity 
two weeks before prediction, and hours of leaf wetness, indicated that cumulative degree 
days and leaf rust severity two weeks before prediction, determine the variation in leaf rust 
development in Louisiana. The spatial and temporal spread of leaf rust was studied on 
cultivars Rosen, McNair 1003, and Terral 812 with varying degrees of leaf rust resistance. 
An inoculum point source was established by transferring two uniformly-rusted McNair 
1003 seedlings to the center of each plot. Leaf rust spread in time and space was measured 
by estimating severity on five tillers each in four diagonal directions at 2, 4, and 6 m from 
the inoculum source. Three dimensional response surfaces of leaf rust severity by time and 
distance were plotted for each cultivar. Spatial gradients (g), r, and a velocity parameter (v) 
were calculated for each cultivar. Leaf rust increase in time and space occurred only after 
March. The data logistic model adequately explained the temporal development of leaf rust
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and logit - linear model adequately explained the disease spread. Cultivar resistance 
affected leaf rust severity and extent of spread.24 The r and v values for Rosen were 
significantly higher than in Terral 812 whereas g was significantly higher in Terral 812 
indicating that Terral 812 was the most resistant cultivar. Yield reductions in all the 
cultivars were significantly related to AUDPC and distance. The significance of distance of 
spread in estimating yield reduction is discussed.
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INTRODUCTION
Leaf rust caused by Puccinia recondita Rob. ex Desm. f. sp. tritici is an important 
disease of wheat (Triticum aestivum L.) in many areas of wheat cultivation (34). Leaf rust 
primarily affects the leaf blades by producing pustules on them. In the United States, leaf 
rust is more severe in certain areas (32) and poses a greater threat to wheat production 
where virulence to current leaf rust resistance genes has been detected in the pathogen 
populations (35). In Louisiana, the area under soft red winter wheat cultivation is 
expanding as a result of the popularity of wheat-soybean crop rotation (1), and leaf rust has 
been observed more frequently than any other wheat disease (2).
The association of specific weather conditions with leaf rust development has been 
studied extensively (5,7,8,12,14,15,40,41). Although temperature affects every stage of 
the disease cycle (5,13,15,38,39,40,41), viable inoculum, susceptible host, favorable 
temperature and hours of free moisture are all factors influencing leaf rust development.
A better understanding of the relationship of some environmental factors and disease 
development can be obtained by standardizing the key environmental variables in relation to 
the likelihood of disease development. MacKenzie (24) proposed the development of 
severity values for standardizing epidemics that occur under variable environmental 
conditions and suggested that these severity values can be used as 'epidemiological units of 
time' instead of days which do not necessarily have a direct relation to disease 
development. Severity values were used to develop forecasting systems for late blight of 
potato (21), early blight of tomato (25), and rice blast (20).
Based on the severity of leaf rust on April 1, Chester (8) developed a forecasting 
system for Oklahoma. Burleigh et al (6) showed that leaf rust epidemics can be quantified 
using the numbers of uredinia and urediniospores. Further analysis of these biological 
variables along with the meteorological variables, such as minimum temperature and hours 
of free moisture/days of precipitation (13), resulted in the development of regression 
equations to predict leaf rust severities 14,21, and 30 days after the date of prediction (7).
Forecasting systems based entirely on weather also have been developed. Coakley and
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Line (9) reported the influence of climatic variation on the frequency and severity of stripe 
rust epidemics in the Pacific Northwest of the United States. An increase in winter 
temperatures and a decrease in spring temperatures contributed to an increasing number of 
epidemics (10). A model for predicting stripe rust on certain cultivars was proposed and 
refined based on the accumulated winter temperatures or accumulated spring temperatures 
( 11).
Disease progress is generally measured as the rate of change over time (42). Variation 
in the levels of disease with increasing distance from a source is usually expressed as a 
gradient in space (18). The rate is given by the equation r = 1/t [logit X2  - logit Xj], where 
r is the average apparent infection rate, t is the time interval between Xj and X2  disease 
proportions, and logit X = loge [X/(l-X)] (42). For the spread of disease, Gregory (18) 
suggested that log X be plotted against log d (distance) to define the gradients. Although 
this equation is successful in linearizing gradients, it predicts infinite disease at the origin 
and the gradient parameter is dimensionless (28). Other workers (29) modified Gregory's 
model to allow finite disease at source.
MacKenzie (23) suggested the use of both infection rate and gradient to characterize 
slow-rusting components. However, with stem rust of wheat, MacKenzie (23) found no 
significant differences among gradients for susceptible and slow-rusting wheat cultivars, 
even though significant differences in the apparent infection rates existed. There have been 
some attempts to identify a variable that encompasses both the rate and gradient parameters. 
More recently, other models to study the spatial dynamics of plant pathogens have been 
suggested and the wave theory to explain the spread of the disease has been postulated 
(26). The gradient (g), the apparent infection rate (r), and the velocity of spread (v), have 
been related by the formula g = r/v. This model was experimentally proven to explain the 
spread of late blight of potato (27). With oat crown rust (4), isopathic movement of the 
disease was used to explain spread and to rank horizontal resistance. Similar conclusions 
were obtained by Headrick and Pataky (19) with corn common rust who used three 
dimensional response surfaces to characterize resistance.
Inoculum gradients for Puccinia recondita have been quantified in terms of the number
27
of urediniospores trapped at various distances around the point source (3,31)- Actual 
disease gradients measured by severity have not been determined.
Winter wheat in Louisiana is normally planted in late October through late November 
and is harvested by mid-May. Leaf rust in most years appears during the early part of 
December, although delayed appearance of leaf rust has been noticed in some years. It has 
been postulated that variation in the time of appearance of leaf rust in Louisiana is 
attributable to the source of the primary inoculum (39). Irrespective of the time of disease 
onset, leaf rust development is generally believed to decrease because of low winter 
temperatures and progress faster with the onset of warmer temperatures in March. 
However, experimental evidence is lacking to support this speculation.
In this paper, we describe the effects time of inoculation on disease development, 
environmental variables that explain the variation in leaf rust development, and the spatio- 
temporal spread of leaf rust in Louisiana. Preliminary results have been reported (38).
MATERIALS AND METHODS
The data reported in this paper are derived from two experiments conducted during both 
the 1986-87 and 1987-88 wheat growing seasons at the Louisiana Agricultural Experiment 
Station Ben Hur Research Farm located in Baton Rouge, LA.
Experiment I. To study the effects of time of inoculation on disease development 
and identify environmental variables that explain the variation in leaf rust development, 
eight 3 x 3  m plots of a soft red winter wheat cultivar, McNair 1003, susceptible to the 
prevalent pathogen populations, were planted in rows 25-cm apart on December 5, 1986, 
and October 20, 1987. Inclement weather delayed planting in 1986. The plots were 
separated by a 2.5-m strip of a leaf rust-resistant cultivar Florida 302, to reduce plot 
interactions. At planting, the plots were fertilized with 68 kg/ha N (ammonium nitrate). 
Two days after planting, the plots were sprayed with chlorosulfuron at a rate of 0.05 kg/ha. 
The treatment design consisted of a randomized complete block with three replications.
Experim ent II. Plot preparation and fertilization were similar to the method 
described in experiment I. To study the spatio-temporal spread of leaf rust in Louisiana,
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three wheat cultivars with similar maturity dates but different degrees of resistance to leaf 
rust (McNair 1003, from Rohm and Haas Seeds, Inc., 83% leaf rust severity on flag leaves 
based on visual estimation for 3 yr at Baton Rouge; Rosen, Arkansas Agricultural 
Experiment Station, 40% severity; and Terral 812, Terral-Norris Seed Co., Inc., 11% 
severity) (1) were planted in 9 x 9 m plots in a randomized complete block design with 
three replications on December 5, 1986, and October 17, 1987 (Fig. 1). Rows were 
spaced 25 cm and oriented perpendicular to the prevailing wind. The plots were separated 
by a 3-m strip of leaf rust-resistant cultivar Florida 302, to reduce plot interactions. Stakes 
were placed 2 ,4 , and 6 m away from the center of the plots in four diagonal directions for 
data collection. An isolated 3 x 3 m plot of each cultivar was grown approximately 8 km 
from these experiments to serve as reference plots to assess the interplot interference in the 
main experiment.
Inoculation. McNair 1003 was planted in 10-cm-diameter pots and maintained in an 
air conditioned greenhouse (21 C). Five days after emergence, the pots were thinned to 2 
seedlings/pot. At GS 4 (22), seedlings were inoculated with a leaf rust urediniospore 
suspension (ca. 106 spores/ml) of race UN2 common to most of the winter wheat growing 
areas, prepared by suspending urediniospores in distilled water containing 2 drops of 
Tween-80 (ICN Nutritional Biochemicals, Cleveland, OH), using an atomizer. Plants 
were then incubated in a dew chamber for 16-18 h at 18 ±  1 C. Subsequently, the pots 
were transferred to greenhouse benches and incubated at 21 + 1 C until uredinia became 
erumpent. Planting dates were adjusted to initiate epidemics with rusted seedlings of 
similar age. Uniformly-rusted seedlings in pots were transferred to the center of plots in 
experiment I at 15-day intervals beginning on February 1, 1987, and December 1, 1987, 
and continuing until March 15,1987 and March 1,1988.
To initiate epidemics in experiment II, a point source of inoculum was established by 
transferring two uniformly-rusted seedlings in pots prepared as described in the previous 
experiment. The pots were placed in the center of the plots on March 4,1987, and January 
17,1988. The source plants remained in the plots until the end of the season.
Florida 302 planted as a buffer was sprayed with the leaf rust-specific fungicide,
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butrizol, at the rate of 0.98 kg/ha with a hand-held sprayer (Model No. 21, R.E. Chapin 
Manufacturing Works, Inc., Batavia, New York) to reduce possibilities of leaf rust 
development. The fungicide was sprayed on February 5,1987, and December 10,1987 in 
both experiments.
Disease assessment. In experiment I, for each date of inoculation, the number of 
days between inoculation and appearance of the first pustule was noted. Plots were then 
monitored at 3- to 4-day intervals for leaf rust appearance.
In experiment I both years, disease progress was measured using the modified Cobb's 
scale (30) at approximately weekly intervals on 10 randomly-selected tillers per plot. 
Severity estimations were begun from the time the first pustules were noticed in each date 
of inoculation and continued until leaf senescence.
In experiment II, the first disease assessments were delayed until the disease was well 
established. Leaf rust severity estimates were made at 7-day intervals as described above 
on five randomly-selected tillers around the point source, and at each sampling distance in 
four directions. Severity estimates were made until the leaves senescenced. Care was 
taken to minimize the effects of physical movement in plots at disease evaluation and thus 
lessen interplot interference.
Environmental monitoring. Maximum and minimum temperature and leaf wetness 
were measured using sensors on a CR21 micrologger (Campbell Scientific Inc., Logan, 
UT) programmed to sample each minute, average, and record data at 60 min intervals. The 
weather data were recorded from the date of first inoculation until final disease assessments 
were made.
G rain yield. In experiment II, 1-m-row plots of each cultivar were harvested at the 
point source and each distance at which disease assessments had been made in four 
diagonal directions. Each sample was threshed, and final yields were determined at 13% 
moisture.
Data analysis. Areas under the disease progress curves (AUDPC) for each date of 
inoculation in both years from experiment I were calculated according to the procedure of 
Shaner and Finney (36). Analysis of variance was performed on the data on latent period
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after each date of inoculation and AUDPC. Mean comparisons were made using Fischer's 
protected least significant difference test (37) at the 5% probability level.
Degree days were used to determine the cumulative effect of temperature on leaf rust 
development after each date of inoculation during the wheat growing season. The optimum 
temperature for urediniospore survival (12), latent period (14,15,40), growth (32), and 
sporulation (15,40,41) on susceptible wheat plants is 20 C. Therefore, 20 C was used as a 
base temperature to calculate degree days. A computer program was written in FORTRAN 
(Appendix I) to compute daily maximum and minimum temperatures and to calculate degree 
days according to the procedure of Coakley and Line (9). From this data the cumulative 
degree days (CDD) from inoculation to final disease assessment was obtained for each date 
of inoculation. The numbers of hours of leaf wetness/day from inoculation to final disease 
assessment also were calculated for each date of inoculation. Mean leaf rust severity/tiller 
was computed, logit transformations of leaf rust severity were made, and apparent infection 
rates (42) were calculated by regression analysis of logit disease severity on cumulative 
degree days for each date of inoculation and days after inoculation as independent 
variables. The apparent infection rates and coefficients of determination were used to 
compare the independent variables.
Regression analysis was used to determine the relationships between leaf rust 
development and bio-environmental variables. Data from different dates of inoculation 
from both years were combined by dates of disease assessment and analyzed. Logit 
severity was used as the dependent variable. CDD, hours of leaf wetness, and logit 
severity two weeks before the date of prediction, were independent variables. Variables 
that were not statistically significant were dropped from further analysis. The resultant 
partial regression coefficients were used to predict logit severity for each date of 
inoculation. Predicted and observed logit severities were plotted to determine the accuracy 
of the predictive equation.
Leaf rust severity data from experiment II were transformed to logits for further 
analysis. Severities less than 1% and more than 99% were not used in the analysis. To
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determine if there was a directional gradient, data were subjected to analysis of variance by 
cultivar. In all three cultivars,orientation of the gradient was not a significant source of 
variation in leaf rust severity. Therefore, data from all four directions were combined for 
further analysis.
The average apparent infection rates for each cultivar were estimated by regression 
analysis of logit severity on time. Similarly, gradients parameter were estimated by 
regression analysis of logit severity on distance (26). The velocity of leaf rust spread on 
each cultivar was calculated using the method of Minogue and Fry (256. The average rate 
parameter, r, gradient parameter, g, and velocity parameter, v, were used to compare the 
three cultivars using the LSD test at P = 0.05.
The AUDPCs at each distance from the focus for each cultivar were calculated. The 
yield at different distances was used as the. dependent variable and distances and the 
AUDPCs at each distance were used as independent variables to predict yield. Coefficients 
of determination were used to evaluate the models.
RESULTS
Leaf rust development. The disease present at the first observation was considered 
for analytical purposes as the amount of initial disease. Inoculations on February 1 and 15, 
1987, December 1 and 15, 1987-88, and January 1 and 15, 1987-88, resulted in long lag 
periods. Leaf rust inoculations after this period resulted in progressive reduction in the lag 
period (Fig. 2). During this apparent stationary period, there was little degree day 
accumulation. Leaf rust increase in plots inoculated at different times occurred at the same 
time in March (day of year = 80-85) and progressed in a similar manner in both seasons 
(Fig. 2).
Incubation period varied from 9.3 to 18'days in 1986-87 and from 8.3 to 17.3 days in 
1987-88 (Table 1). There were significant differences in the incubation periods following 
different dates of inoculation that appeared to be a function of the temperature following 
inoculation. Significant differences also were noticed in AUDPCs resulting from different 
dates of inoculation in the two years (Table 1). Early inoculations resulted in significantly 
higher AUDPCs. The AUDPCs in 1986-87 varied from 879 to 1356, and in 1987-88,
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from 1530 to 2671.
Apparent infection rates. The logistic model fitted the data using either days or 
CDD as the time variable. In both years, apparent infection rates calculated using days as 
the independent variable were significantly different for different dates of inoculation (Table 
2). The apparent infection rates calculated from regressions using days as the independent 
variable ranged from 0.096 to 0.153 units per day in 1986-87 and 0.047 to 0.157 units per 
day in 1987-88. Calculated apparent infection rates between successive dates of disease 
assessment were similar from April 12 - May 2, 1987, and March 28 - April 26, 1988. 
When CDD was used as the independent variable, there was a standardization of the 
apparent infection rates. The apparent infection rates calculated from regression analysis 
using CDD as the independent variable varied from 0.149 to 0.197 units per day in 1986-
87, and 0.154 to 0.197 units per day in 1987-88. When time (days) was used as the 
independent variable, the coefficients of determination for epidemics initiated on different 
dates of inoculation, ranged from O.o43 to 0.966 in 1986-87 and 0.633 to 0.955 in 1987-
88. When CDD was used as the independent variable, the coefficients of determination 
improved for early dates of inoculation in 1987-88 and remained comparable for other dates 
of inoculation (Table 2).
Factors affecting leaf rust development. Regression analysis using bio- 
environmental variables to predict leaf rust severity indicated that the disease present at 7- to 
14-days before prediction and CDD would explain most of the variance in leaf rust 
development in Louisiana (R2 = 0.905, Table 3). The partial regression coefficients 
associated with these two variables were significant. The values for hours of leaf wetness/ 
day was not significant (Table 3). The regression model after dropping hours of leaf 
wetness/day, was also highly significant (P = 0.0001). The regression equation based on 
the disease present on the date of prediction and CDD predicted leaf rust development 
accurately for different dates of inoculation for most of the season. The accuracy of the 
predictive equation was tested by comparing a calculated leaf rust development value for 
different dates of inoculation with the observed values. A straight-line relationship was 
obtained between the observed and calculated leaf rust severity for all dates of inoculation
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(Fig. 3). However, the equation substantially under- or overpredicted logits early in the 
season for some dates of inoculation (Fig. 3).
In 1986-87, the average hours of leaf wetness/ day was lower than in 1987-88. The 
average number of hours of leaf wetness/day varied from nearly 7 to 11 in 1986-87 and 17 
to 18 in 1987-88 (Table 1).
Experiment II: Cultivars and leaf rust development. Response surfaces of 
leaf rust severity from initial disease assessment to final disease assessment for each 
cultivar at various distances from the point source of inoculum are presented in Figs. 4 to
6. For Rosen, the final leaf rust severity observations on plants around the point source of 
inoculum was more than 95% in both years, and leaf rust severity was lower at the farthest 
sampled distance from the source in both years (Fig. 4 A and B). Similar trend was 
noticed in the other two cultivars each year (Figs 5 A and B; 6 A and B).
Differences in degree of cultivar resistance was also noticeable in the average apparent 
infection rates. The apparent infection rates for Rosen were significantly higher than that of 
McNair 1003 and Terral 812 in 1986-87. However, in 1987-88, the apparent infection 
rates for Terral 812 alone were significantly lower than that of Rosen, and the apparent 
infection rates for McNair 1003 were intermediate between Rosen and Terral 812. The 
apparent infection rates ranged from 0.180 to 0.236 units per day in 1986-87 and 0.076 to 
0.117 units per day in 1987-88 (Table 4).
Gradients. In both years, directional gradients were not observed in any of the 
cultivars tested. Leaf rust severities on isolated plots used to assess interplot interference 
were less than 10% on April 15 in both years. The final disease assessments were made on 
April 26,1987 and April 16,1988. It appears that there was little movement of inoculum 
between plots. Higher levels of infection in plants along the edges of plots sometimes 
associated with the interplot interference was also not observed in any plots.
A statistically poor fit was consistently observed when Gregory's log - log model (18) 
was applied to the data (R2 = 0.07 to 0.76). The logit - linear equation (27) gave the best 
fit for the data and the coefficient of determination for all the fitted lines was greater than
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0.9. The disease gradient in Terral 812 was initially quite steep and became flatter over 
time (Fig. 6 C and D). In McNair 1003 and Rosen only the primary disease gradients were 
steep and, thereafter, any gradient was representative of gradients from any other date of 
disease assessment (Fig. 5 C and D; 6 C and D). The apparent infection rates in the three 
cultivars showed no association with distance (Fig. 7).
Cultivar resistance also was discernible with both the gradient parameter and the 
velocity parameter (Table 4). There was little variation in the estimated gradient parameter 
between seasons for Rosen and McNair 1003. For Terral 812 the gradient parameter was 
higher in 1987-88 than in 1986-87. The gradient parameter values for Terral 812 were 
significantly higher when compared to Rosen and McNair 1003 both years (Table 4). The 
velocity of spread from the focal center also was slow in Terral 812 compared with Rosen 
and McNair 1003 (Table 4). The velocity parameter for McNair 1003 was intermediate 
between Terral 812 and Rosen. The velocity of leaf rust spread on all the cultivars was 
higher in 1986-87 when compared with 1987-88 (Table 4).
Grain yield. The highest yielding cultivar was McNair 1003, followed by Terral 812 
and Rosen. The grain yield in the absence of leaf rust as indicated by the intercept was 
116, 102, and 84 g/m in McNair 1003, Terral 812, and Rosen, respectively (Table 5). As 
the distance from the focal center increased, AUDPC decreased and yield increased. Yield 
and AUDPC were significantly inversely correlated (r = -0.74; P = 0.0001), whereas yield 
and distance from the focal center were significantly positively correlated (r = 0.59; P =
0.0002). Correlation between AUDPC and distance was low, albeit significant (r = -0.33; 
P = 0.0461). Regression analysis of the yield data pooled from two years showed that the 
relationship between AUDPC and yield reduction was linear (Table 5). All regression 
coefficients were significant (P = 0.0258 - 0.0018) and the models explained 41-64% of 
yield variance (Table 5). Distance from the focus also was a useful predictor of yield and 
statistically explained the variation in yield as much or better than AUDPC (Table 5).
DISCUSSION
It is known from earlier reports that temperature affects survival (12,39), latent period 
(14,15,40), growth (32), infectious period (40), and sporulation (15,40,41) of leaf rust
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fungus. Analysis of variance of the data on latent period following different dates of 
inoculation indicated significant differences (Table 1). These differences may have been 
caused by the prevalent temperatures following inoculation. However, leaf rust progress 
was retarded during early spring irrespective of the time of inoculation. During this period 
of retardation, there was little degree day accumulation. This was taken to mean that the 
temperature during this period was not favorable for leaf rust progress. Lack of optimum 
temperature during early spring also may have resulted in lengthening of latent periods 
between successive infection cycles, and a shortening of the infectious period and 
sporulation. In all the inoculated plots, increases in leaf rust was observed at the same time 
during March both years (Fig. 2). Degree day accumulation also began at this time, once 
again indicating that temperature may be the factor affecting leaf rust development.
Burleigh et al (7) used fungal growth and infection functions as predictors of leaf rust 
development in their equations to forecast leaf rust. These variables were the SIN2 
transformations of the temperature response curve accounting for periods of favorable 
temperature for fungal growth and infection. We used degree days, another form of 
temperature transformation. Much of leaf rust development in Louisiana appears to be 
associated to the leaf rust severity on the day of prediction and CDD (Table 3). These two 
variables explained more than 90% of the variation in leaf rust development. The partial 
regression coefficients indicate the relative importance of the different variables, and 
accordingly, disease severity is more important than the meteorological variables in a 
predictive equation. This is consistent with the observations made by Burleigh et al (7).
The partial regression coefficient for hours of leaf wetness/day was not significant in 
the regression analysis. Under optimal temperature conditions, P. recondita f. sp. tritici 
requires only 3 to 4 h of leaf wetness for spore germination and infection (33). Adequate 
moisture periods in the form of frequent rain and dew (Table 1) are available during the 
wheat growing season in Louisiana. Moisture conditions are typically satisfied and 
therefore, this factor may not be limiting for leaf rust development. In rainfall deficient 
seasons however, moisture periods may emerge as a factor influencing leaf rust 
development in Louisiana.
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Sequential inoculations of plots of McNair 1003 were essentially inoculations at 
different growth stages. Although early inoculations resulted in larger AUDPCs, growth 
stages themselves did not have a direct effect on leaf rust development. Similar views have 
been expressed previously (7), and thus, the value of growth stages in a predictive equation 
may be limited. The early infections however, seem to have a greater deleterious effect on 
yield depending on the cultivar used (Subba Rao et al, Chapter III).
Apparent infection rates calculated from the logistic equation (42) using days as the 
independent variable between successive dates of disease assessments for different dates of 
inoculation were similar during late season from April 12 - May 2, 1987, and March 28 - 
April 26, 1988. However, early inoculations resulted in significantly lower apparent 
infection rates (Table 2). This apparent difference may have been the artifact of using days 
as the time variable in the logistic equation, since all days are not equally favorable (24) for 
leaf rust development. We used CDD as the independent variable which accounts for both 
circadian favorability and seasonal favorability of temperature for leaf rust development. 
Apparent infection rates for the three common dates of inoculation between years in 
experiment I were significantly different when days were used as the dependent variable. 
However, calculated apparent infection rates using CDD remained comparable between 
years and were not significantly different (Table 2). The percentage variation in leaf rust 
development explained by this variable also improved for early dates of inoculation when 
CDD was used as the independent variable. Variables like CDD may work to standardize 
the apparent infection rates so that comparisons can be made among years and cultivars 
(24).
Developing generalized equations for predicting leaf rust in Louisiana can now take two 
approaches. The first approach would be to collect historical weather data and leaf rust data 
to develop regional models similar those developed for stripe rust of wheat in the Pacific 
Northwest of the United States (9,10,11). This approach may not immediately be possible 
in as much as wheat has become an important crop in Louisiana only recently and data from 
many years are not available. The second approach would be to include in a model
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development many locations and cultivars for 2-3 yr and construct predictive equations 
similar to those developed by Burleigh et al (7).
Cultivar resistance influenced leaf rust severity and the extent of disease spread. 
Increasing levels of resistance reduced leaf rust severity and spread. Increase in leaf rust 
severity and spread occurred in March once the temperatures became favorable for disease 
development. The average apparent infection rates and the average velocity parameter for 
different cultivars were higher in 1986-87 compared to 1987-88 (Table 4). This increase in 
apparent infection rate and velocity may have resulted from the delayed inoculation of plots 
in 1986-87 which may have reduced the leaf rust development lag period.
The development of leaf rust in time and space and relative resistance of different 
cultivars to leaf rust, can be depicted by three-dimensional response surface methods. 
However, for valid statistical comparisons of the cultivars, parameter estimates from 
empirically fitted models are necessary (19). Cultivar differences were detected in both 
three-dimensional response surfaces and the parameter estimates. Terral 812 consistently 
developed low leaf rust severity, and spread from the point of inoculation was delayed. 
This cultivar, in contrast to the other two cultivars, also had a steeper gradient, a lower 
apparent infection rate, and a lower velocity of spread, indicating that it was the most 
resistant of the cultivars studied to the leaf rust races employed. In McNair 1003, even 
though the terminal severities were as high as for Rosen, the apparent infection rates and 
the velocity parameters during 1986-87 were between Rosen and Terral 812. This 
suggests that leaf rust develops slowly on McNair 1003 when compared to Rosen. 
Differences in the gradient parameter between McNair 1003 and Rosen were not 
significant. Several other workers (4,19,23) also were unable to differentiate cultivars 
based on the gradient parameter alone. Therefore, apparent infection rate, velocity 
parameter, and gradient parameter may all need to be compared to detect cultivar 
differences. All the parameter estimates and the three-dimensional response surfaces 
indicated that Rosen was the most susceptible cultivar.
Aylor (3) hypothesized that for rust urediniospores, which depend on wind gusts to 
become airborne, diffusion may dominate dispersal and therefore the power law may
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explain a gradient better than exponential law. Fitt et al (16) fitted 325 sets of data to both 
power law and exponential models and made similar conclusions. Gradients of Puccinia 
recondita described by Roelfs were modelled better by log - log transformation of the 
power law equation (31). In our study, logit - linear transformation consistently gave a 
better fit and the range of estimated gradient values are in agreement with those of Aylor 
(3), but the magnitude of the gradient estimations may have been influenced by the range of 
distance chosen for our experiment (3,27).
The travelling wave theory that has been advanced to explain the spread of pathogens 
(26), assumes that the gradient and velocity are constant over time, and the rate is constant 
over distance. Gradients for all the cultivars were constant over time in our experiments 
(Figs. 4 C and D; 5 C and D; 6 C and D), and the apparent infection rates were uniform 
over distance (Fig. 7). These results support the travelling wave concept. Uniformity of 
the apparent infection rates also indicates that significant movement of inoculum did not 
occur as a result of our frequent disease assessments in the plots. Similar observations 
were made by of Fried et al (17) on wheat powdery mildew.
Most studies on disease spread have not included a determination of the relationship 
between disease spread and yield. In this study, as the distance from the point source 
increased, the AUDPC decreased and the plot yield increased. The AUDPC explained 41 - 
64% of yield variance (Table 5). Distance can be thought of as related to yield indirectly 
through AUDPC, and yet, distance explained higher yield variance (54 - 64%) than 
AUDPC. This can possibly be explained by one of the assumptions of regressions which 
states that the independent variable is measured without error (35). Distance is controlled 
by the experimenter and and is usually measured without error. However, AUDPC is 
calculated using subjective disease assessments and may not be as accurate.
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TABLE 1. Incubation period for leaf rust development, average hours of leaf wetness per 
day, and area under the d isea se  progress curve (AUDPC) for different dates of 
inoculation of the susceptible wheat cultivar, McNair 1003
Year
Dates of Inoculation 
and GSa at Inoculation
Incubation
periodb
Hours of leaf 
w etness/dayc AUDPC
1 9 8 6 - 8 7 February 1 3 a 1 8 .0 Z 1 1 . 2 0 1 3 5 5 . 8 W
February 15 3 1 7 .7 Z 9.01 1 3 9 6 . 7 W
March 1 5 8 . 7 X 7 . 9 3 1 0 9 4 . 5 X
March 15 6 9 . 3 X 6 . 9 7 8 7 9 . 8y
1 9 8 7 - 8 8 December 1 3 9 . 3 X 1 7 . 4 3 2 6 7 0 . 7 W
December 15 3 1 0 . 0 X 1 7 . 8 7 2 0 7 3 . 9 X
January 1 4 17 . 3 Z 1 7 . 4 2 1 8 9 7 . 5y
January 15 5 8 . 3 X 1 8 . 2 3 1 7 1 4 . 5 2
February 1 6 9 . 3 X 1 7 . 6 3 1 7 0 6 . 3 Z
February 15 8 12.3V 1 7 . 3 6 1 6 9 4 . 4 Z
March 1 9 9 . 3 X 1 6 . 8 8 1 5 3 0 . 8 Z
a Feeke's growth stage.
13 Interval between inoculation and first pustule appearance. Figures followed by the same 
letters are not significantly (P = 0.05) different in each year
c Average hours of leaf wetess/day during the period from the date of inoculation to the 
final disease assessment.
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TABLE 2. Comparison of regression coefficients and coefficients of determination 
between logistic models using days after inoculation (Days) and cumulative degree days 
(CDD) a s independent variables for the development of leaf rust as logit transformed 
proportion of d isease










1 9 8 6 - 8 7 February 1 - 5 . 3 6 1.91 0 . 0 9 6 0 . 171 0 . 9 4 9 0 . 8 4 6
February 15 - 3 . 8 5 1 . 8 2 0 . 0 7 6 0 . 1 4 9 0 . 8 4 3 0 . 9 1 8
March 1 - 7 . 1 3 1 . 6 6 0 . 1 2 7 0 . 1 9 7 0 . 9 6 6 0 . 8 6 0
March 15 - 4 . 4 1 1 . 1 9 0 . 1 5 3 0 . 1 5 6 0 . 9 4 6 0 . 921
1 9 8 7 - 8 8 December 1 - 9 . 2 1 4 . 5 9 0 . 0 4 7 0 . 1 6 9 0 . 6 3 3 0 . 6 7 0
December 15 - 6 . 5 0 4 . 5 9 0 . 0 5 3 0 . 1 6 5 0 . 7 3 7 0 . 861
January 1 - 5 . 5 9 5 . 2 9 0 . 0 7 6 0 . 1 7 9 0 . 7 7 5 0 . 8 6 9
January 15 - 7 . 1  9 4 . 8 2 0 . 0 9 5 0 . 1 8 7 0 . 8 2 9 0 . 8 5 0
February 1 - 4 . 9 3 3 . 3 2 0 . 1 0 2 0.1 80 0 . 9 0 2 0 . 8 3 4
February 15 - 3 . 1 3 3 . 4 4 0 . 1 3 9 0 . 1 5 4 0 . 9 0 7 0 . 8 9 9
March 1 - 4 . 1 8 2 . 9 4 0 . 1 5 7 0 . 1 9 7 0 . 9 5 5 0 . 9 1 2
a Mean of three replications. Logit values calculated as ln[x/(1-x)], where x is the proportion 
of the leaf rust severity. 
b Slopes from regression of logit x = days after inoculation and logit x = cumulative degree 
days (>20 C) accumulated from the date of inoculation. 
c All regressions significant at P = 0.0001.
TABLE 3. Intercept and partial regression coefficients for cumulative degree days 
(CDD), average hours of leaf wetness/day (HLWT), and observed leaf rust severity two 
w eeks before prediction (PD) used  to predict leaf rust development in Baton Rouge, 
Louisiana
Intercept Variable Partial regression  
coefficient
PR>T R2a
-1 .574  ±  0 .2736 0 . 00 0 1 0 . 9 0 5
PD 0.2639 £  0 .0276 0 . 0 0 0 1
CDD 0.1162  £  0 .0070 0 . 0 0 0 1
HLWT -0 .0230  £  0.0141 0 . 1 0 4 7
a Significant at P  = 0.0001.
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TABLE 4. Estimated values of the gradient parameter (g), the apparent infection rate 
(r), and the velocity of spread (v) for three cultivars infected with Puccinia recondita  
f. sp. tritici during 1986-87 and 1987-88 wheat growing sea so n s
Cultivar
g (m-1) r (day-1) v (m/day)
1 9 8 6 - 8 7 1 9 8 7 - 8 8 1 9 8 6 - 8 7  1 9 8 7 - 8 8 1 9 8 6 - 8 7 1 9 8 7 - 8 8
Rosen 0 .3 5 6 a 0 .3 4 6 3 0 .2 3 6 a 0 . 1 1 7 a 0 . 6 1 5 a 0 .3 3 8 a
McNair 1003 0 .3 5 8 a 0 . 3 1 1 a 0.171 b 0 .0 9 8 ab 0 .4 8 3 ab 0 . 3 1 5 a
Terral 812 0 .6 7 0 b 0 .7 8 7 b 0 . 1 8 0 b 0 .0 7 6 b 0 .2 8 9 b 0 . 0 9 6 b
Figures followed by the same letters are not significantly different (P = 0.05) by Fischer's 




TABLE 5. Comparison of regression equations used to predict plot yield with distances 
and areas under the d isease progress curve (AUDPC) at different distances from the 
focus a s predictors
Cultivar Predictor (X) Regression equation R2 PR> F
Rosen Distance from focus 38.69 + 3.910 X 0 . 5 4 0 . 0 0 6 3
AUDPC 84.16 - 0.022 X 0. 41 0 . 0 2 5 8
McNair 1003 Distance from focus 48.86 + 5.890 X 0 . 5 4 0 . 0 0 6 3
AUDPC 116.45 - 0.047 X 0.51 0 . 0 0 9 6
Terral 812 Distance from focus 63.45 + 5.530 X 0 . 6 4 0 . 0 0 1 9
AUDPC 101.63 - 0.139 X 0 . 6 4 0 . 0 0 1 8
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Fig. 1. Field design to study leaf rust spread on three wheat cultivars. The 
small.circle in the center of each square indicates the point of inoculation. Disease 
progress was measured at 2, 4, and 6 m distance in four diagonal directions 
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Fig. 2. Leaf rust progress curves following different dates of inoculation on 
McNairl003 wheat during 1986-87 and 1987-88 in Baton Rouge, LA.
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Fig. 3. Relationship between the observed logit leaf rust severity and logit leaf rust severity 
predicted by the regression equation for different dates of inoculation in 1986-87 and 1987- 
88. The dates of inoculation are indicated in the lower right hand comer of each plot frame. 
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Fig. 4. Development and spread of leaf rust on wheat cultivar Rosen in 1986-87 and 
1987-88. Leaf rust severity by time and distance in 1987 (A), and 1988 (B). Leaf rust 
severity as a function of distance from the point of inoculation 19 and 28 (dotted squares), 
25 and 36 (solid diamonds), 32 and 55 (closed dotted squares), 40 and 63 (dotted 
diamonds), 46 and 71 (solid squares), 53 and 79 (open squares), 59 and 86 (solid 
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Fig. 5. Development and spread of leaf rust on wheat cultivar McNair 1003 in 1986-87 
and 1987-88. Leaf rust severity by time and distance in 1987 (A), and 1988 (B). Leaf rust 
severity as a function of distance from the point of inoculation 19 and 28 (dotted squares), 
25 and 36 (solid diamonds), 32 and 55 (closed dotted squares), 40 and 63 (dotted 
diamonds), 46 and 71 (solid squares), 53 and 79 (open squares), 59 and 86 (solid 
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Fig. 6. Development and spread of leaf rust on wheat cultivar Terral 812 in 1986-87 and 
1987-88. Leaf rust severity by time and distance in 1987 (A), and 1988 (B). Leaf rust 
severity as a function of distance from the point of inoculation 19 and 28 (dotted squares), 
25 and 36 (solid diamonds), 32 and 55 (closed dotted squares), 40 and 63 (dotted 
diamonds), 46 and 71 (solid squares), 53 and 79 (open squares), 59 and 86 (solid 
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Fig. 7. Apparent infection rates at different distances from the point of inoculation 
Rosen, Terral 812, and McNair 1003 wheat cultivars during 1986-87 and 1987-88.
CHAPTER III
Effect of Growth Stage and Initial Inoculum Level on Leaf Rust 
Development and Yield Loss Caused by Puccinia recondita f. sp. tritici
ABSTRACT
Leaf rust inoculation at different growth stages and initial inoculum levels affected leaf 
rust development and yield of winter wheat cultivars McNair 1003 and Coker 762. Disease 
onset stage and initial inoculum level affected the rate of leaf rust development and shape of 
the disease progress curves for both cultivars. Epidemics with common onset stages and 
different initial inoculum levels differed in the area under the disease progress curve 
(AUDPC). Leaf rust epidemics initiated at Feeke's growth stages 5, 7, and 10 reduced 
yield for both cultivars. Leaf rust epidemics initiated early with high inoculum levels had 
the greatest effect in reducing yield. Maximum losses due to leaf rust were 40%. AUDPC 
varied from 500 to 1700 in McNair 1003 and from 250 to 1700 in Coker 762. Yield loss 




Leaf rust caused by Puccinia recondita Rob. ex Desm. f. sp. tritici is an important 
disease of wheat (Triticum aestivum L.) in many areas of wheat cultivation (15). In the 
United States, leaf rust is more severe in certain areas (14) and poses a greater threat to 
wheat production where virulence to current Lr resistance genes has been detected in 
pathogen populations (16). In Louisiana, owing to the popularity of wheat-soybean 
double-cropping, the area under wheat cultivation increased dramatically from 27,000 
hectares in 1980 to nearly 125,000 hectares in 1987 (1). Leaf rust occurs more frequently 
in Louisiana than other wheat diseases and may cause yield losses of up to 50% (2). 
Losses caused by leaf rust elsewhere have been well documented (3,4,6,8,17,19,25).
James (7) classified crop loss models into three categories: a) critical point models 
which predict yield losses based on the level of disease at a particular crop growth stage 
(9); b) multiple point models which predict yield losses based on the disease estimates at 
many growth stages (4,22); and c) area-under-the-curve (AUDPC) models which predict 
yield losses based on the area under the disease progress curve (3,18,19,24). Each model 
has its own advantages and disadvantages (7).
Chester's (6) critical month model predicted yield losses due to leaf rust of wheat 
entirely on the basis of environmental conditions. Burleigh et al. (4) used leaf rust 
severities on flag leaves at boot, early berry and early dough stages to predict yield losses. 
Influence of host growth stage at the time of disease onset has been neglected in many crop 
loss studies. It is generally assumed that early infection results in greater yield loss (14). 
Crop growth stage at which the disease appears may therefore be important in determining 
the crop yield. For instance, early appearance of barley powdery mildew and leaf rust 
affect barley yield indirectly by reducing the leaf size (11).
Conditions for wheat production in Louisiana are distinctly different from much of the 
rest of the United States with respect to climate, availability of initial inoculum and duration 
of wheat growth. Losses due to leaf rust have not been determined. This study was 
undertaken to evaluate the effect of epidemics initiated at different growth stages at varying
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initial inoculum levels on leaf rust development and yield and to evaluate the use of the area 
under the disease progress curve (AUDPC) as a predictor of yield loss.
MATERIALS AND METHODS
Two experiments reported here were conducted during the 1987-88 wheat growing 
season at the Ben Hur and Burden Research Farms located about 10 km apart in Baton 
Rouge, Louisiana.
Plot establishment. Twentyfour 3 x 3 m plots of soft red winter wheat cultivars 
McNair 1003 and Coker 762 were planted in rows 25-cm apart on October 21, 1987. 
Surrounding each plot, a 2.5-m strip of the leaf rust-resistant cultivar Florida 302 was 
planted to reduce plot interactions. At planting, the plots were fertilized with 68 kg/ha N 
(as ammonium nitrate). The plots were sprayed for weed control two days after planting 
with chlorosulfuron at a rate of 0.05 kg/ha. The treatment design consisted of a split plot 
arrangement with inoculations done at three specific Feeke's growth stages (GS) (10). The 
three growth stages for inoculation and a check were included as whole plots and three 
inoculum levels were included as subplots in a randomized complete block design with 
three replications per location. There were nine uninoculated check plots per cultivar at 
each location in which a leaf rust-specific fungicide was sprayed for leaf rust control as 
described below.
Inoculation. McNair 1003, a cultivar susceptible to the prevalent races of leaf rust, 
was planted in 10-cm-diameter pots and maintained in an air-conditioned greenhouse. Five 
days after emergence, the pots were thinned to 2 seedlings/pot. At GS 4, seedlings were 
inoculated with a leaf rust urediniospore suspension (ca. 106 spores/ml), prepared by 
suspending urediniospores into distilled water containing 2 drops of Tween-20, using an 
atomizer and incubated in a dew chamber for 16-18 h at 18 ±  1 °C. Subsequently, the pots 
were transferred to greenhouse benches and incubated at 21 + 1 °C until the uredinia 
became erumpent. Planting dates were adjusted to initiate epidemics at each GS with rusted 
seedlings of similar age. Plots at both locations were inoculated at GS 5, 7, and 10 by 
transferring uniformly-rusted seedlings in pots to the center of the plots. To avoid 
contamination of nontarget plots during inoculation, the rusted seedlings were covered with
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polyethylene bags during transfer. Increasing levels of initial inoculum were provided by 
transferring 4, 8, and 12 rusted seedlings to the center of each plot. Growth stages at 
inoculation were considered as the disease onset stages.
Leaf rust control in uninoculated check plots was achieved by spraying the fungicide 
butrizol at the rate of 0.98 kg/ha with a hand-held sprayer (Model No. 21, R.E. Chapin 
Manufacturing Works, Inc., Batavia, New York) on February 20, 1988. The fungicide 
was also sprayed on the Florida 302 buffer to reduce any possibility of leaf rust 
development.
Data Collection and Analysis. Leaf rust severity was estimated on 10 randomly- 
selected tillers per plot using the modified Cobb's scale (12) at approximately weekly 
intervals beginning at 8-20 days after inoculation and continuing until leaf senescence. The 
number of tillers/plant on 25 randomly-selected plants in each plot was recorded. At 
maturity, 1 m2 was harvested from the center of each plot with a small plot combine. Grain 
yield and grain weight per 1000 grains were determined. Final weights were adjusted to 
13% moisture.
Mean leaf rust severity/tiller was computed. Then the logit transformations of the 
recorded leaf rust severity were made, and apparent infection rates (24) for each plot were 
calculated by regression analysis of logit disease severity on days following inoculation. 
Mean severity in each plot was determined and the areas under the disease progress curves 
(AUDPC) for each plot and for each cultivar were calculated according to the procedure of 
Shaner and Finney (20). Relative losses in yield, and 1000-grain weight at each level of 
inoculum and GS was calculated as follows:
Percentage loss = [l-(Yd/Yh)] x 100
where Yh is the yield of the plants in the uninoculated, fungicide-sprayed check plot at 
each level of inoculum and Yd is the yield of the plants in the plots inoculated at different 
GS with the corresponding inoculum levels.
Grain yield/ha, 1000-grain weight and AUDPC were subjected to analysis of variance. 
Data from both locations were pooled as analysis of variance indicated that the locations 
were not significantly different for grain weight and AUDPC. Mean comparisons were
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made using the least significant difference (LSD) test (21). Linear contrasts were used to 
compare the effects of different disease onset stages and inoculum levels. To determine the 
relationship between the yield loss and AUDPC, losses in yield and 1000-grain weight 
from the data pooled over locations were regressed with AUDPC and appropriate linear and 
second order polynomial models were fitted. The F-test and coefficient of determination 
(R2) were used to evaluate the models.
RESULTS
Disease onset. The first disease observed after inoculation was considered as the 
amount of initial disease. Disease progress curves for each cultivar differed (Fig. 1) 
according to the 4, 8, andl2 rusted plants introduced in plots to provide different amounts 
of initial disease (Table 1). The temperatures during January-February were low, and the 
disease did not increase appreciably during that period. As a result, disease progress 
curves for both the cultivars inoculated at GS 5 had a long lag period. There was a 
progressive reduction in the lag period with disease onset in GS 7 and GS 10 (Fig. 1). The 
disease progress fit well the logistic model and was able to explain 82-97% of the variance 
in leaf rust on Coker 762 and 72-96% variation on McNair 1003 (Table 1). The apparent 
infection rates (r) in both cultivars were significantly different between disease onset 
stages. The r was higher in later disease onset stages. The r values for Coker 762 ranged 
from 0.09 in GS 5 to 0.19 in GS 10 and in McNair 1003, r values ranged from 0.08 in GS 
5 to 0.20 in GS 10 (Table 1).
The AUDPC was significantly different between disease onset stages and inoculum 
levels for both cultivars (Table 2). The AUDPC for Coker 762 ranged from 482.4 in GS 
10 to 1255 in GS 5 and from 754.7 in GS 10 to 1200.4 in GS 5 in McNair 1003 (Table 2). 
All disease onset stages resulted in significantly different AUDPCs and they were 
significantly higher than the uninoculated check. There was a significant interaction 
between inoculum level and GS, and cultivar and GS (Table 3). The three-way interaction 
among cultivar, GS, and inoculum level was not significant.
The number of tillers/plant was not significantly different for the different growth
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stage-inoculum level combinations for both the cultivars.
Yield was significantly lower in Coker 762 when compared to McNair 1003. The 
yields of all GS and inoculum level combinations were significantly lower than the 
uninoculated check plots (Table 2). The yields among the three disease onset stages and 
inoculum levels were not significantly different in Coker 762 (Table 2). Yields of McNair 
1003 were reduced most when disease onset occured at GS 5 followed by GS 7. Inoculum 
level 3 reduced yield to the greatest extent in both cultivars (Table 2). All two-way and 
three-way interactions between cultivar, GS, and inoculum levels, were statistically 
nonsignificant (Table 3).
All inoculum level and GS combinations significantly reduced 1000-grain weight in 
McNair 1003 compared to the check. Disease onset at GS 5 reduced 1000-grain weight to 
the greatest extent in both cultivars. Disease onset in GS 10 reduced 1000-grain weight to 
the least extent in both cultivars; however, the reduction in Coker 762 was not significant 
when compared to the uninoculated check. Maximum reduction in 1000-grain weight in 
both cultivars occured at inoculum level 3 (Table 2). The two-way interactions of Cultivar 
x GS and inoculum level x GS interactions were significant (Table 3).
Effect of leaf rust on yield loss. Regression analysis of the data pooled from 
both locations (N = 27) showed that the relationship between AUDPC and percentage loss 
in yield/ha was linear (Fig. 2A and 2B). The regression coefficients were highly 
significant (P = 0.0001) and the models explained 48-50% of the variation in yield loss. 
The intercepts for yield loss in both cultivars were not significantly different from 0.
The relationship between AUDPC and loss in 1000-grain weight appeared linear in 
McNair 1003 (Fig. 2C) and curvilinear in Coker 762 (Fig. 2D). The regressions were 
highly significant (P = 0.0001) and the models explained 73-76% variation in the loss. 
The intercepts for loss were not statistically significant in both cultivars.
DISCUSSION
Through combinations of inoculations at different growth stages and with varying 
intensities of initial inoculum, we were able to generate epidemics that resulted in different 
AUDPC (Table 2). It is generally assumed that early infection results in greater yield loss
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(14). In Louisiana, leaf rust progress slows during January to early March as the 
temperatures are seasonally reduced and do not permit rapid disease progression 
(Subbarao, Chapter II). Inoculations at GS 5 and 7 resulted in long lag periods. The 
different epidemic onset stage and inoculum level combinations reduced yield relative to the 
healthy check; however, the disease onset stage-yield loss relationship was not consistent 
in the two cultivars studied. Infections on McNair 1003 at GS 5 and GS 7 resulted in a 
greater relative effect on yield than infections at GS 10. In contrast, for Coker 762, the 
effect of early disease onset was obscured by the delayed development of the epidemics. 
Cultivars may therefore differ in the growth stage at which they are most constrained.
Observations made by Lim and Gaunt (11) on barley-leaf rust-powdery mildew host- 
pathogen combinations suggested that greater yield losses resulting from early infection 
were due to a reduction in the green leaf area caused by the residual early infection. 
Though we did not measure the leaf areas of plants inoculated at different growth stages, 
the significant reduction in the yield of inoculated plots compared to the healthy check plots 
may have been in part caused by reduction in the green leaf area.
Tillers/plant in the inoculated plots were not significantly different from the 
uninoculated, fungicide-treated plots. Consequently, leaf rust may not affect the number of 
tillers. Grain weight is believed to be a trait affected in the growth interval between 
anthesis and ripening (23). In our experiment, all the inoculation treatments were 
introduced before anthesis, and yet, in both the cultivars, grain weight was the component 
affected. Weight of 1000-grains was affected most by the inoculations at GS 5 in both 
cultivars (Table 2). The significant interaction between inoculum level and GS for 1000- 
grain weight indicates that; grain weight may be affected earlier than usually believed. 
Burleigh et al. (5) reported similar results on net blotch of barley caused by, Pyrenophora 
teres Dreschs., and concluded that the inherent capacity of the grains to accumulate dry 
matter is altered by the disease early in the season.
In most yield loss studies, the loss caused by a particular disease is estimated as the 
percent of zero-disease check plot. Relative loss estimates are made by comparing to a 
common zero-disease check plot in each replication. This sometimes results in under- or
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overestimation of the losses resulting from within-field variability. In our experiment, we 
adjusted for this potential problem by including a zero-disease check plot at the whole-plot 
level. Reddy et al. (13) however, showed that expressing loss as 'percent of check' would 
not distinguish yield levels between seasons and suggested the use of loss in yield as a 
function of the disease.
Vanderplank (24) proposed the use of AUDPC as a predictor of yield loss as the 
terminal severities are not good indicators of how long the disease affected the plants. 
Buchenau (3) demonstrated a good relationship between linearized AUDPC for wheat leaf 
and stem rusts of wheat and yield loss. Schneider et al. (18) showed that in Cercospora 
leaf spot of cowpea, James' (7) criteria of short and late epidemic for critical point models 
also can be used for AUDPC models. Seek et al. (19) also found a good relationship 
between wheat leaf rust AUDPC and yield loss. The data from our experiment also fit the 
AUDPC model. In Louisiana, the leaf rust epidemics become severe late in the crop 
season. The AUDPC explained 48-50% and 73-76% of the variation in the yield loss and 
1000-grain weight loss, respectively (Fig. 2). Although the intercepts for loss in both 
cultivars (Fig. 2) were not significantly different from 0, the positive loss intercept for 
Coker 762 indicates that it may be more sensitive to leaf rust than McNair 1003. About 60- 
77% of the variation in the grain yield loss was explained by the loss in 1000-grain weight. 
It appears therefore, that leaf rust causes yield reductions primarily by affecting grain 
weight. The remaining portion of the loss in grain yield appears to be due to other yield 
components. Maximum yield losses due to leaf rust were 30-40%, which is similar to the 
results reported by other workers (17,19).
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TABLE 1. Natural log transformed initial inoculum levels (b0) and apparent infection rates (bj) 
for two cultivars at different Feeke's growth stages (GS) and inoculum levels3 (Inoc)
Cultivar GS Inoc K b“o bi
r 2c
Coker 762 5 1 -8.73 ±  0.57 0.10 ±0.009 0.85
2 -8.22 ±  0.64 0.09 ±  0.001 0.82
3 -8.06 ±  0.67 0.11 ±0.010 0.83
7 1 -6.85 ±  0.43 0.11 ±0.009 0.87
2 -7.33 ±  0.28 0.12 ±0.006 0.95
3 -7.12 ±0.25 0.13 ±0.005 0.97
10 1 -6.84 ±  0.32 0.17 ±0.012 0.94
2 -6.78 ±  0.38 0.19 ±0.014 0.92
3 -6.31 ±0.32 0.18 ±0.012 0.94
McNair 1003 5 1 -7.64 ±  0.64 0.08 ±  0.002 0.77
2 -7.38 ±  0.69 0.09 ±  0.010 0.75
3 -7.00 ±  0.79 0.09 ±  0.012 0.72
7 1 -7.53 ±  0.27 0.12 ±0.006 0.96
2 -7.52 ±  0.27 0.12 ±0.006 0.96
3 -7.07 ±  0.28 0.13 ±0.006 0.96
10 1 -6.78 ±  0.36 0.20 ±  0.014 0.94
2 -6.57 ±  0.28 0.20 ±0.011 0.96
3 -5.96 ±  0.44 0.18 ±0.017 0.90
3 Four, 8, and 12 uniformly-rusted seedlings were transferred to the center of the plots to generate different levels 
of inoculum.
Mean of six replications.
c Coefficient of determination.
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TABLE 2. Mean yield, 1000-grain weight, and areas under the disease progress curves (AUDPC) 
for two cultivars at three inoculum levels (Inoc) and three Feeke's growth stages (GS)
Cultivar1
Coker 762 McNair 1003




GS 5 3038.3 2852.6 2702.4 2864.4a 3439.5 3544.9 3009.2 3331.0a 3097.8
7 3184.3 3014.8 2747.6 2982.2a 3919.9 3654.2 3211.8 3595.l b 3288.8
10 3150.1 3104.7 3091.5 3115.4a 4179.9 4024.9 3526.2 3910.1° 3512.91
Check 3343.7 3578.7 3455.0 3459. l b 4328.4 4708.9 3993.1 4343.5d 3901.3'
Meaninoc 3179. l a 3137.7a2999. l a 3967.08 3983.2a 3435.l b
1000-grain Weight (g)
GS 5 27.17 26.36 23.63 25.72a 34.53 32.82 30.23 32.53a 29.13a
7 27.30 27.62 25.73 26.88b 34.43 33.83 31.18 33.15a 30.02b
10 27.70 27.00 27.88 27.55° 34.37 34.50 34.07 34.3 l b 30.93°
Check 28.15 27.88 28.35 28.13° 36.58 36.47 36.23 36.43° 32.28d
Meaninoc 27.60a 27.22a 26.40b 34.97a 34.40a 32.93b
AUDPC
GS 5 981.6 1202.6 1576.3 1255.0a 954.4 1178.0 1477.8 1200.4a 1227.7
7 679.7 928.2 1308.1 972.0b 845.0 1229.9 1326.4 1101.8a 1036.9'
10 338.8 475.0 634.4 482.4° 684.6 751.2 828.3 754.7b 618.5
Check 0.4 0.4 0.4 0.4d 10.0 6.4 8.3 8.2° 4.3'
Mean^o,. 501.0s 651.6b 879.8° 622.2a 766.4b 910.2°
1 Mean of six replications. Means followed by the same letters are not significantly different (P  = 0.05).
2 Four, eight, and twelve uniformly-rusted McNair 1003 seedlings were transplanted into each plot to generate 
different initial inoculum levels.
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TABLE 3. Analysis of variance of yield/hectare (Y/ha), 1000-grain weight (Gwt), and areas 
under the disease progress curve (AUDPC) involving three levels of inocula (Inoc) at three 




Model 28 1474729.03** 83.16** 1350787.08**
Loc 1 794078.02ns 160.87** 185528.33ns
Rep (Loc) Error A 4 753185.81** 5.10* 235837.05**
Cv 1 17129276.14** 1780.84** 284110.32**
GS 3 4291865.79** 65.27** 10567662.62**
5 7 10 vs Check 1 9767726.26** 137.14** 24713273.50**
5 vs 7 1 656300.69ns 14.31** 655245.36**
7 vs 10 1 904242.39** 15.03** 3150301.00**
Inoc 2 1957981.28** 33.39** 1339627.73**
Inoc 1 vsInoc 2 1 3803.52ns 5.46ns 521132.00**
Inoc 2 vs Inoc 3 1 2829429.36** 31.51** 830452.81**
Inoc * GS 6 182513.34ns 12.31** 227119.51**
Cv * GS 3 313549.25ns 6.95** 187474.63**
Cv * Inoc 2 589773.24ns 2.40ns 30819.78ns
Cv * Inoc * GS 6 58246.89ns 0.74ns 6671.24ns
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Fig. 1. Disease progress curves for McNair 1003 and Coker 762 at three levels of inocula at 
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Fig. 2. Relationship between the AUDPC and percentage loss in yield/hectare (A and B) and 
1000-grain weight (C and D) in cultivars, Me Nair 1003 (A and C) and Coker 762 (B and D).
CHAPTER IV
A Model to Estimate the Contributions of Leaves and Effects of Leaf Rust
on Yield of Winter Wheat
ABSTRACT
The contributions of each leaf to tiller grain yield of McNair 1003, susceptible to 
prevalent leaf rust races, and the effect of leaf rust on each leaf were determined by 
defoliation and inoculation in 1986-87 and 1987-88 winter wheat growing seasons. 
Treatments included removing/retaining flag (F), F -l, F-2, and F-3 leaves in 10 
combinations each from rusted and control tillers. Maximum losses due to leaf rust in tiller 
grain weight, tiller grain number, and 1000-grain weight were, respectively, 27, 19, and 
24% in 1986-87 and 24, 23, and 18% in 1987-88. Maximum losses in tiller grain weight, 
tiller grain number, and 1000-grain weight due to defoliation in rusted treatments were, 
respectively, 56.7, 46.4, and 29.8% in 1986-87 and 38.8, 27.8, and 19.9% in 1987-88, 
and that in control treatments losses were, respectively, 58.8, 41.6, and 38.1% in 1986-87 
and 51.1, 35.6, and 31% in 1987-88. Significant reduction of all the three yield 
components measured was observed due to defoliation of F in 1986-87 and F and F-l in 
1987'-88. Contributions to yield of the different parts of the tiller towards grain weight 
were estimated by the model Yjj = Po+p]Fj+p2(Fj-l)+P3(Fj-2)+P4(Fj-3)+£jj, where Pq, 
Pi, P2 , P3 , and P4  are, the absolute contributions of the nonfoliar parts, F, F-l, F-2, and 
F-3 leaves of the tiller respectively. The partial regression coefficients for the nonfoliar 
parts, F, F -l, F-2, and F-3 of the tiller were, respectively, 0.97, 0.79, 0.41, 0.23, and 
0.34 in 1986-87 rusted treatments; 1.21, 0.79, 0.42, 0.34, and -0.04 in 1986-87 control 
treatments; 0.80, 0.42, 0.22, 0.14, and -0.11 in 1987-88 rusted treatments; and 0.87, 
0.44, 0.28, 0.12, and 0.02 in 1987-88 control treatments. Paired t-tests for the estimated 
relative contributions of the leaves contrasting rusted and control treatments each year were 
not significant, indicating that leaf rust does not alter the relative contribution of tiller leaves 
to yield. The regression analysis of the relative duration of healthy area for each leaf and 
tiller grain weight was highly significant (P = 0.0001) with an r2 of 0.84 and 0.91 for 





Mechanical defoliation experiments have been widely used by agronomists to 
investigate the sink-source relationships in wheat (Triticum aestivum L.) (13,22,23) and to 
assess the contributions of individual plant parts to components of yield (8,15,22,30). 
These studies have demonstrated the importance of flag (F) and penultimate (F-l) leaves in 
increasing grain weight (8,23,31), 1000-grain weight (8,23), and grains/spike (8,22,23).
Youssef and Salem (31) reported a loss in grain yield of up to 30% following removal 
of flag leaves. Ibrahim and Elenein (8) showed that during grain development period, the 
percent effective leaf area rather than the total leaf area is a major factor affecting the 
contributions of different leaves for grain filling. They observed that F-2, F-3, and F-4 
leaves make only a minor contribution towards the main stem yield. Other studies have 
shown an increased role for lower leaves when flag leaf area was reduced by shading or 
partial defoliation (14). Although most studies indicate the importance of leaves present 
during the reproductive phase, some studies report the importance of the foliage in the 
vegetative phase (4) and the interaction of different leaves for different yield components 
( 11).
In phytopathological research, defoliation in conjunction with a disease is a useful 
means of understanding the functions of the different plant parts and how their functions 
are affected by the foliar disease. Defoliation experiments were used in the 1930's to 
mimic the losses due to foliar pathogens of wheat (3). Hendrix et al (7), in an extensive 
study of the effect of stripe rust, caused by Puccinia striiformis Westend. and mechanical 
defoliation at different growth stages on spring wheat yield, demonstrated that stripe rust 
was more influential in reducing yield, grain weight, grain size, tillering, number of grains, 
and average plant height. The effect of leaf rust, caused by Puccinia recondita Rob. ex 
Desm. f. sp. tritici Eriks., and mechanical defoliation was found to be approximately equal 
(27) with respect to 1000-grain weight, and the authors, however, concluded that the leaf 
rust pathogen, apart from exerting damage on photosynthetic area, exerts a sink effect on 
the surrounding areas. Yang and Zeng (29), by defoliating stripe rust-infected and
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noninfected plants of the cultivar Yianda 1817, observed that the relative contributions of 
the individual leaves were the same in both rusted and control plants. Their results 
indicated that stripe rust affects only the photosynthetic area, and stripe rust on the top three 
leaves accounts for most of the disease-caused reduction in the yield of winter wheat.
Losses due to leaf rust have been well documented (1,2,3,10,21). Seek et al (20) 
quantified the contributions of the top three leaves in wheat toward the final grain weight 
and found a significant improvement in estimating yield losses due to wheat leaf rust using 
the concept of average weighted severity in which the rust severity was corrected for leaf 
position by an empirically-determined multiplier.
In previous works (8,15,20,22,23,27,29,31), the contribution of each leaf to yield was 
calculated by subtraction methods using comparisons of yield of treatments lacking specific 
leaves with the yields of treatments possessing all leaves. This study was undertaken to 
determine the effect of defoliation and leaf rust on three yield components of soft red winter 
wheat and develop a model to estimate the contribution of each leaf towards tiller grain 
yield in the presence or absence of leaf rust.
MATERIALS AND METHODS
Experiments reported here were conducted during the wheat growing seasons of 1986- 
87 and 1987-88 at the Ben Hur Research Station located in East Baton Rouge parish, LA.
Plot establishment. The experimental design was a randomized complete block 
with three replications in 1986-87 and four replications in 1987-88. Plots received 60.8 
kg/ha N (ammonium nitrate) prior to planting. McNair 1003, a soft red winter wheat 
cultivar susceptible to the prevalent races of leaf rust, was planted with 25-cm row spacings 
on October 24, 1986 and October 21, 1987. The plots were sprayed for weed control 20 
days after emergence with chlorosulfuron at a rate of 0.05 kg/ha. Approximately 25 days 
after emergence, individual plots 3 m long were delimited, and the most vigorous seedlings 
in the plots were retained and thinned to give an interplant spacing of 10 cm. The main 
stem of each plant was tagged, and approximately 75 days after emergence, the tillers were 
trimmed to retain only the main stem. The single tiller method was adopted from earlier
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studies (29,31) as tillers would not become physiologically independent from the main 
stem (18). Trimming was continued as long as necessary to restrict the regeneration of the 
tillers. All plots in 1986-87 were topdressed with 18 kg/ha N (urea).
Inoculation and Defoliation. Defoliation treatments included in the experiment are 
given in Table 1. In treatment l(Table 1), all leaves were clipped beginning at Feeke's (12) 
growth stage (GS) 5. Defoliations in the remaining treatments were made as soon as the 
corresponding leaves unfolded. Leaves in each treatment were clipped at the base using 
scissors.
The treatments were duplicated in inoculated and experimental check conditions. 
Arrangements of rusted and control treatment plots were paired. In inoculation treatments, 
McNair 1003 plants were inoculated on March 3, 1987 and February 27, 1988. An 
aqueous suspension of leaf rust urediniospores (ca. 106 spores/ml) was sprayed using an 
atomizer after 6 pm when the leaves were commonly wet. Inoculations were repeated on 
March 25,1987 and March 28, 1988 to generate high levels of uniform infection. Control 
of leaf rust in control plots was achieved by spraying the fungicide butrizol specific for 
control of leaf rust pathogen, at a rate of 0.98 kg/ha with a hand-held sprayer (Model No 
21, R.E. Chapin Manufacturing Works, Inc, Batavia, New York) on March 15, 1987 and 
February 27,1988. Three weeks later, the fungicide was sprayed again on control plots.
Data collection and analysis. Severity of leaf rust was scored on 10 randomly- 
selected plants in each treatment beginning 11 March 1987 and 5 March 1988, respectively. 
Severity was scored separately on each leaf using the modified Cobb's scale (16) at 10- to
14-day intervals until leaf senescence.
Twenty plants in each plot were harvested by hand at maturity and threshed using a 
single plant head-thresher (Almaco, Nevada, Iowa). Grain weight/plant, and grain 
number/plant were determined on 10 plants, and 1000-grain weight was determined after 
bulking the harvested seed from all 20 plants to obtain subsamples. Final weights were 
expressed at 13% moisture.
Data from each year were analyzed separately as the yields were significantly different 
in two years, to determine whether or not the contributions of different tiller parts remain
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unchanged. Means for each variable in each treatment were computed and analysis of 
variance (24) was performed on all of the data. Least significant difference/s (LSD) (24) 
values were calculated at the 5% probability level for comparison of treatment means. 
Relative losses due to defoliation were calculated for each component by the formula: 
Percentage loss due to defoliation = T/Tg x 100,
where Tj is the corresponding yield component of the i*  treatment (i = 1,2,.....10).
Similarly, relative losses due to leaf rust in each component for each treatment were 
calculated as follows:
Percentage loss due to leaf rust = Td/Tc x 100, 
where Td is yield component of the rusted treatment and Tc is the corresponding control 
treatment.
Model development and validation. Areas under the disease progress curves 
(AUDPC) (26) were calculated for each leaf as:
£[(Yi+i+Yi)/2] [Xi+1-Xi] 
in which Yj = severity on a leaf at the ith observation, Xj = time (days) at the ith 
observation, and n = total number of observations. The duration of relative healthy area 
(RHAD) of each leaf was calculated as:
1 - AUDPC/(Number of days the respective leaves were nonsenescent x 100)
Each leaf was considered as a binary variable and depending on its presence or absence 
in each treatment, a value of 1 or 0 respectively, was assigned (Table 1). The RHAD of 
each leaf was multiplied with the value assigned. Regression analysis of the product on 
tiller grain weight (Y) was conducted by SAS GLM procedure (19) using the model:
Yij = P0+PiFi+p2(Fi-l)+p3(Fi-2)+p4(Fi-3)+eij) 
where P0, Pi, P2, P3, and P4  are the absolute contributions of the nonfoliar parts, F, 
F -l, F-2, and F-3 leaves, respectively, towards tiller grain weight and are the integrals of 
leaf area and efficiency and is the residual error. The sum of the partial regression 
coefficients constituting the combined contributions of all parts of the tiller was computed 
by adding all the parameter estimates. The relative contributions of each leaf and other
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parts in rusted and control tillers were estimated by dividing the respective partial 
regression coefficients by the combined contribution. The statistical significance of the 
estimates between rusted and control tillers each year and between the corresponding 
estimates within rusted and control tillers in two years was tested by paired t-tests (24). To 
validate the model, data from Yang and Zeng (29) on the cultivar Yianda 1817 were fit to 
the model and absolute and relative contributions of the individual leaves and other tiller 
parts were estimated.
RESULTS
Effects of defoliation. The grain weight/tiller, grain number/tiller, and 1000-grain 
weight in rusted and control tillers for both years are presented in Table 2. In 1986-87, the 
grain weight/tiller and grain number/tiller were higher in all treatments compared with 
1987-88. In treatments with up to the top 2 leaves defoliated, all three yield components 
were significantly less than the treatment with all leaves retained (Table 2).
The lowest tiller grain weights in both years occurred in rusted and control treatment 1. 
The highest grain weights/tiller were in rusted treatments 6 and 8, respectively, in 1986-87 
and 1987-88 and in control treatments 6 and 8, respectively in 1986-87 and 1987-88 (Table 
2). Tiller grain numbers were lowest in rusted and control treatments 1 in both years and 
highest in rusted treatment 6 and control treatment 8 in 1986-87 and in rusted treatment 7 
and control treatment 8 in 1987-88. Tiller grain numbers in treatments 1-5 were lower than 
those in treatments 6-10 (Table 2). One-thousand-grain weights of rusted plots were not 
significantly different from control plots for treatments 1 and 2; and 6 and 7 were not 
significantly different in both years. The 1000-grain weights among treatments 6-10 within 
rusted and control conditions were significantly different in 1986-87 (Table 2).
Losses caused by defoliation were generally higher in 1986-87 when compared with 
1987-88 in both rusted and control treatments (Table 3). In 1986-87, maximum losses in 
tiller grain weight and tiller grain number were in rusted treatment 1 and control treatment
3. Minimum loss in tiller grain weight was in rusted treatment 7 and control treatment 8. 
In 1987-88, highest losses in tiller grain weight occurred in rusted treatment 2 and control 
treatment 1. In rusted treatments 7-9 and control treatments 7 and 8, tiller grain weight and
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grain number were higher than in treatment 6. Defoliation of the flag leaf alone resulted in
15-30% reduction in 1000-grain weight.
Effect of leaf rust on yield components. Development of leaf rust on F, F -l, 
F-2, and F-3 was uniform across defoliation levels. The disease progress curves for 
different leaves are given in Fig. 1.
Grain weight/tiller for rusted treatments 1,2,5,and 6-10 were significantly less than the 
corresponding control treatments in 1986-87 (Table 2). In 1987-88, rusted treatments 6-10 
were significantly less than control treatments in tiller grain weight.
Tiller grain numbers in rusted treatments 2,4,5,8, and 10 were significantly lower 
than the corresponding control treatments in 1986-87. In 1987-88, only rusted treatments 
7,8, and 10 had lower tiller grain numbers compared to the corresponding control 
treatments (Table 2).
Calculated losses due to rust were variable between treatments and among plants within 
treatments. Maximum losses in tiller grain weight were 26.5% in 1986-87 and 23.4% in 
1987-88 (Table 4). The maximum loss in tiller grain number was 18.6% in treatment 2 in
1986-87 and 23% in treatment 10 in 1987-88 (Table 4). There was a 23.8% 1000-grain 
weight loss in treatment 10 in 1986-87 and 18.1% 1000-grain weight loss in treatment 3 in
1987-88 (Table 4).
Contributions of the nonfoliar parts and individual leaves. The estimated 
partial regression coefficients for the nonfoliar parts, F, F -l, F-2, and F-3 are listed in 
Table 5. The coefficients for the nonfoliar parts, F, and F-l were significant in rusted 
tillers both years. Similarly, coefficients for the nonfoliar parts, F, F-l, and F-2 in 1986- 
87 and those for the nonfoliar parts, F, and F-l in 1987-88 were significant in control 
tillers (Table 5). The partial regression coefficients for rusted and control tillers were not 
significantly different from each other within each year except for the coefficients for 
nonfoliar parts in 1986-87. The regression between tiller grain weight and RHAD was 
highly significant with an r2 of 0.84 and 0.67 in rusted and 0.91 and 0.88 for control 
treatments in 1986-87 and 1987-88, respectively (Table 5). The absolute contributions of 
the nonfoliar parts, and F, F-l, F-2, and F-3 leaves from the data of Yang and Zeng (28)
79
in control treatments were 0.60, 0.35, 0.33, 0.40, and 0.26, respectively. The regression 
was significant (P=0.0001) with an r2 of 0.95. The relative contributions of nonfoliar 
parts, and F, F -l, F-2, and F-3 leaves were, respectively, 0.31, 0.18, 0.17, 0.21, and
0.13.
The maximum relative contribution towards tiller grain weight was from the nonfoliar 
parts. Among the leaves in both rusted and control treatments, F contributed the most 
towards the tiller grain weight, followed by F -l, F-2, and F-3 (Table 5). The relative 
contributions of the different parts of the rusted tillers were neither significantly different 
from the corresponding parts of the control tillers each year nor between years within 
rusted and control tillers except for rusted nonfoliar parts .
DISCUSSION
The literature indicated that no general model has been developed to estimate the relative 
contributions of the leaves to yield in cereals. Previous work estimated the contributions of 
individual plant parts by deduction. The model proposed in this study appears to be 
biologically and mathematically reasonable, and the relative contributions estimated by the 
model are similar to the values reported by others (20). The model explained 67-91% of 
the total variation in tiller grain weight, indicating its reliability. The intercept constitutes 
the contribution of the nonfoliar parts, as the yield obtained in the absence of leaves is due 
to the photosynthetic activity of nonfoliar parts (5).
Our model assumes an additive effect for different plant organs. Previous work 
(7,11,13,22,23,27,29,31) on defoliation is also based on this assumption. Compensation 
or interaction, both in diseased and nondiseased conditions in cereals, has been reported by 
several workers (6,23,30,31). If compensation exists, it is confounded in the experimental 
error in our model.
The results demonstrate that the nonfoliar parts, and F and F-l leaves determine the 
tiller grain weight. Most plant physiologists agree that the grain weight is largely affected 
by the photosynthesis in the two topmost leaves and the ear (25). Opinions differ, 
however, as to the quantitative contributions of F, F-l, and the ear. In our experiments,
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the grain yield of treatments with all leaves defoliated and treatments with top 4 leaves 
defoliated were not significantly different from each other in rusted and control wheat tillers 
(Table 2) indicating that the leaves below F-3 are not significant photosynthate sources for 
the tiller grain yield. Treatments with F and F-l leaves and treatments with F alone in 
rusted and control tillers generally had either equal or higher yields compared with 
treatments with F and F-l leaves defoliated and treatments with F leaf defoliated (Table 2), 
indicating that removal of F-2, and F-3 leaves may not adversely affect the grain yield. 
Defoliating the top 3 leaves adversely affected the yield (Table 2) as only the top three 
leaves are photosynthetically active during anthesis and early grain filling (17,23,29). The 
removal of the flag leaves in rusted and control tillers in 1986-87 accounted for 44, 33, and 
53% of the total reduction in grain weight, grain number, and 1000-grain weight, 
respectively (Table 3). In 1987-88, the plots were not topdressed, and the plant yields 
were perhaps nitrogen-limited rather than source-limited per se, which may have masked 
the effect of F leaf removal. Singh et al (23) reported yield losses of up to 50% of the total 
losses following removal of flag leaves.
Defoliation techniques are a widely adopted means of quantifying the contributions of 
different plant parts towards grain yield in cereals. These estimations can be made with 
reasonable accuracy and precision. In our experiments, the F, F -l, and F-2 leaves 
accounted for, respectively, 29%, 15%, and 1% contribution towards the tiller grain weight 
in rusted tillers. In control tillers, the contributions of F, F -l, and F-2 leaves were 26- 
30%, 16-17%, and 1%, respectively. Similar figures were reported by Seek et al (20). 
Slightly higher figures have been reported for flag leaves by others (8). The nonfoliar parts 
including the stem, ear, and leaf sheaths together contributed 36-51% towards the tiller 
grain weight. Ibrahim and Elenein (8) reported 43-48% contribution of the nonfoliar parts. 
Seek et al (20) indicated that the nonfoliar parts contributed approximately 60% towards the 
final grain weight. Consequently, the maximum losses due to foliar infections of leaf rust 
in wheat may not exceed 40-60%. As leaf rust rarely infects stem, ear, and awns, their 
contributions towards grain yield may be expected to be constant and may be amenable 
only to the fertility levels in different years. The maximum losses in our experimental
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conditions were less than 30% (Table 4). The model indicated that the estimation of leaf 
rust on the top 2 or 3 leaves may be sufficient to determine the losses associated with leaf 
rust, and so did Yang and Zeng (29) for stripe rust-infected plants, as only those leaves 
contribute to the final yield. The yield loss model developed by Burleigh et al (2), 
however, accurately predicted losses due to leaf rust based on sequential leaf rust severity 
estimates on flag leaves. It should be noted however, that in our experiments, the 
defoliation treatments allowed greater light penetration and may have inflated the 
contribution of lower leaves somewhat.
Yang and Zeng (29) reported that the relative contributions of individual plant parts 
remain the same in control and stripe rust-infected plants. The relative contributions of the 
different plant parts were not influenced by the presence of leaf rust (Table 6) and hence, 
the losses caused by leaf rust on different leaves appear to be additive and are a function of 
the amount of photosynthetic tissue destroyed. This is consistent with the 1:1 relationship 
between leaf rust severity and yield losses observed by others (1,20). The use of healthy 
area duration and healthy area light absorption suggested by Waggoner and Berger (28) and 
Johnson (9) are therefore important in the study of disease effects on yield. In other 
studies on the wheat-leaf rust system, however, the pathogen, apart from destroying the 
photosynthetic area, acted as metabolic sink, indicating more than a 1:1 relationship (25).
Possible applications of this model include quantification of the contributions of the 
different plant parts, identification of the genotypes with increased flag leaf contribution, 
and breeding for increased flag leaf area (8,23,31).
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TABLE 1. Treatments included in the experiment and values3 assigned to estimate the 
contributions of different parts of the tiller of McNair 1003 wheat
Number Treatment F F-l F-2 F-3 F-4 Nonfoliar partsb
1 All leaves defoliated 0 0 0 0 0 1
2 Top 4 leaves defoliated 0 0 0 0 1 1
3 Top 3 leaves defoliated 0 0 0 1 1 1
4 Top 2 leaves defoliated 0 0 1 1 1 1
5 Flag leaf defoliated 0 1 1 1 1 1
6 All leaves retained 1 1 1 1 1 1
7 Top 4 leaves retained 1 1 1 1 0 1
8 Top 3 leaves retained 1 1 1 0 0 1
9 Top 2 leaves retained 1 1 0 0 0 1
10 Flag leaf retained 1 0 0 0 0 1
3 A value of 1 or 0 indicates respectively, the presence or absence of a particular part of the tiller. 
b The stem, leaf sheaths, ear, and awns constituted the nonfoliar parts.
8 6
TABLE 2. Yield components8 of McNair 1003 in different rusted and control treatments 
during the years 1986-87 and 1987-88
Treatment
Grain weight/tiller (g) Grain number/tiller 1000-grain weight (g)
Rusted Control Rusted Control Rusted Control
1986-87
1 No leaves 0.92*b 1.12* 36.9* 40.7* 23.9* 25.9*
2 Top 4 defoliated 0.96* 1.19* 37.6* 46.2* 25.3* 25.9*
3 Top 3 defoliated 1.09* 1.11* 45.0* 49.1* 22.6* 23.4*
4 Top 2 defoliated 1.34* 1.48* 52.8* 57.7* 26.9* 25.6*
5 Top 1 defoliated 1.54* 2.08* 53.5* 63.8* 28.1 32.2*
6 All leaves retained 2.19 2.71 68.9 69.6 32.2 39.0
7 Top 4 retained 2.04 2.51* 67.8 65.0* 29.6 38.7
8 Top 3 retained 1.97* 2.68 61.1* 69.8 29.7 37.1
9 Top 2 retained 1.91* 2.38* 61.6* 64.2* 29.9 35.7
10 Top 1 retained 1.64* 2.20* 54.9* 59.4* 28.1 36.9
LSD (P = 0.05) 0. 15 4.3 4.5
1987- 88
1 No leaves 0.73* 0.78* 32.3* 32.9* 23.2* 23.5*
2 Top 4 defoliated 0.76* 0.79* 34.0* 35.2* 22.5* 22.0*
3 Top 3 defoliated 0.78* 0.90* 37.1 34.0* 21.7* 26.5*
4 Top 2 defoliated 0.89* 1.01* 43.2 40.3* 20.8* 25.1*
5 Top 1 defoliated 1.21 1.29* 46.4 46.8 26.2 27.6*
6 All leaves retained 1.21 1.58 45.2 51.8 27.0 32.0
7 Top 4 retained 1.36 1.61 47.7 55.5 28.5 29.5
8 Top 3 retained 1.39* 1.74 46.8 58.9 29.8 30.8
9 Top 2 retained 1.33 1.63 46.8 49.9 28.6 32.6
10 Top 1 retained 1.13 1.35 38.1* 49.5 29.8 27.7*
LSD (P = 0.05) 0.18 8.0 4.3
1 Mean o f three replications in 1986-87 and 4 replications in 1987-88. b Significantly ( P = 0 .0 5 )  different from 
treatment 6.
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TABLE 3. Percentage losses in three yield components of McNair 1003 due to defoliation 
in 10 rusted and control treatments in 1986-87 and 1987-88
Percentage loss in
Treatment Grain weight/tiller Grain number/tiller 1000-grain weight
Rusted Control 
±  SE ±  SE
Rusted Control 
±  SE ±  SE
Rusted Control 
±  SE ±  SE
1986-87
1 No leaves 56.7 15.3 58.4 10.7 46.4 13.4 41.610.0 22.0 3.0 31.9 4.5
2 Top 4 defoliated 54.5 15.2 55.8 7.9 45.2 14.0 33.611.4 21.1 4.6 31.5 10.8
3 Top 3 defoliated 49.4 12.0 58.8 4.2 34.3 15.0 29.5 7.8 29.8 2.8 38.1 13.5
4 Top 2 defoliated 37.5 15.6 45.2 0.8 23.1 9.1 17.413.9 16.5 4.0 32.3 12.6
5 Top 1 defoliated 27.8 20.7 23.0 5.8 22.0 15.7 8.3 2.6 12.6 4.5 15.3 4.1
6 All leaves retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 Top 4 retained 5.7 13.4 . 6.512.8 1.6 4.3 6.3 9.0 8.1 4.9 -1.7 4.3
8 Top 3 retained 8.4 18.9 0.8 5.8 11.018.7 -0.3 4.6 8.0 4.1 2.5 5.5
9 Top 2 retained 11.5 21.0 11.613.8 10.6 5.9 7.5 8.7 7.0 13.7 3.5 9.1




13.1 7.3 7.4 4.2
1 No leaves 37.6 12.8 51.1 7.3 27.9 8.0 35.611.5 19.9 11.1 26.6 9.5
2 Top 4 defoliated 38.8 7.2 47.3 9.7 24.9 12.3 31.914.5 16.0 11.7 31.0 10.9
3 Top 3 defoliated 35.9 6.6 43.3 8.6 17.9 11.9 34.5 4.3 19.5 6.7 16.5 16.8
4 Top 2 defoliated 26.2 12.6 36.5 9.4 11.9 9.3 22.4 9.2 18.5 14.3 18.8 15.2
5 Top 1 defoliated 0.03 6.7 18.4 3.9 -3.5 14.6 9.6 3.7 2.1 13.7 8.9 7.3
6 All leaves retained 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 Top 4 retained -11.9 7.3 -1.7 8.1 -5.7 5.1 -7.520.2 -6.0 6.6 7.7 13.2
8 Top 3 retained -15.2 20.3 -10.3 5.6 -4.8 23.3 -15.225.6 -11.5 13.2 3.9 10.4
9 Top 2 retained -9.7 11.4 4.213.9 -4.4 16.3 3.011.9 -7.0 18.2 -1.9 6.9
10 Top 1 retained 6.4 22.6 14.6 3.9 14.3 21.5 4.013.3 -11.3 20.2 13.7 10.5
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TABLE 4. Losses due to leaf rust in three yield components of McNair 1003 wheat in 10 
defoliation treatments during 1986-87 and 1987-88
Percentage loss in
Treatment Grain weight/tiller Grain number/tiller 1000-grain weight
1986-87 1987-88 1986-87 1987-88 1986-87 1987-88
±  SE ±  SE ±  SE ± SE ± SE ±  SE
1 No leaves 17.9 12.2 6.4 20.3 9.3 20.9 1.8 19.0 7.7 1.4 1.3 27.2
2 Top 4 defoliated 19.3 10.5 3.8 26.5 18.6 10.3 3.4 24.7 2.3 4.1 -2.3 10.2
3 Top 3 defoliated 1.8 10.5 13.3 5.4 8.4 11.8 -9.2 9.0 3.4 5.3 18.1 13.9
4 Top 2 defoliated 10.8 7.7 11.9 8.8 8.5 10.2 -7.2 11.9 -5.1 12.8 17.1 8.2
5 Top 1 defoliated 26.0 11.8 6.2 5.2 16.1 13.1 0.9 10.4 12.7 1.6 5.1 9.9
6 All leaves retained 19.2 15.1 23.4 6.3 1.0 6.9 12.7 9.2 17.4 7.7 15.6 8.9
7 Top 4 retained 18.7 3.9 , 15.5 7.0 -4.3 7.6 14.1 10.9 23.5 8.4 3.4 9.3
8 Top 3 retained 26.5 4.1 20.1 9.5 12.5 15.6 20.5 18.9 19.9 1.9 3.2 8.5
9 Top 2 retained 19.7 23.3 18.4 7.6 4.0 2.4 6.2 6.1 16.2 15.6 12.3 8.5
10 Top 1 retained 25.5 18.6 16.4 14.5 7.6 8.3 23.0 22.3 23.8 2.6 -7.6 24.7
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TABLE 5. Absolute and relative contributions of the top four leaves and the nonfoliar parts 
of McNair 1003 wheat towards the tiller grain weight in rusted and control treatments in 
1986-87 and 1987-88 as indicated by the regression analysis of variance5
Part of the 
tiller
Parameter + SE PR > T Relative Contribution
Rusted Control Rusted Control Rusted Control
1986-87
Nonfoliar parts 0.98 ±  0.08 1.21 ±  0.07 0.0001 0.0001 0.36 0.47
Flag (F) 0.78 ±  0.13 0.79 ±  0.11 0.0001 0.0001 0.29 0.30
F-l 0.41 ± 0 .1 9 0.42 ±  0.13 0.0423 0.0031 0.15 0.16
F-2 0.23 ±  0.27 0.34 ±  0.13 0.4147 0.0165 0.08 0.13
F-3 0.32 ±  0.36 -0.17 ±  0.53 0.3052 0.7443 0.12 -0.07
1987-88
Nonfoliar parts 0.80 ±  0.05 0.87 ±  0.04 0.0001 0.0001 0.53 0.51
Flag (F) 0.42 ±  0.09 0.44 ±  0.06 0.0001 0.0001 0.29 0.26
F-l 0.22 ±  0.09 0.28 ±  0.07 0.0120 0.0003 0.15 0.17
F-2 0.14 ±  0.14 0.12 ±  0.07 0.3220 0.0985 0.10 0.07
F-3 -0.11 ±  0.30 0.02 ±  0.06 0.7103 0.0675 -0.08 -0.01
a Regressions in both rusted and control treatments were significant (P = 0.0001) with an r2 of 0.83 and 
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Fig. 1. Disease progress curves for flag (F), F-l, F-2, and F-3 leaves of McNair 1003 
wheat during 1987 and 1988 growing seasons. Each point is the mean of 3 replications 
each in 5 rusted treatments.
APPENDIX I
C DEGREE DAY PROGRAM
C THIS PROGRAM WILL CALCULATE AND ACCUMULATE DEGREE DAYS FOR FOUR USER SUPPLIED
C BASE TEMPERATURES (BN). INPUT FILE MUST HAVE DAILY MIN MAX TEMPERATURES IN
C COLUMNS 25 AND 39, RESPECTIVELY, D = DAY OF YEAR, BN = BASE TEMP (N = 1 - 4, DEGREES C),
C MNT = DAILY MIN TEMP, MXT = DAILY MAX TEMP, DDN= DEGREE DAY (N = 1-4), CDDN =
C CUMULATIVE DEGREE DAYS FROM START OF DATA FILE (N = 1-4).
REAL MNT, MXT 
CHARACTERS INFILE 
CHARACTER* 12 OUTFELE 
CHARACTER*41 DUMMY 
INTEGER*4 D, B l, B2, B3, B4
100 FORMAT (Tl, 13, T5, F5.2, T i l ,  F5.2)
101 FORMAT (IX, 'ENTER THE NAME OF THE INPUT FILE')
200 FORMAT (IX, 13, 2X, 4 (12, 2X, F3.0, 2X, F5.0, 2X)
201 FORMAT (IX, TNTER THE NAME OF THE OUTPUT FILE’)
300 FORMAT (IX, ’ENTER BASE TEMP 1’)
301 FORMAT (IX, ’ENTER BASE TEMP 2’)
302 FORMAT (IX, ’ENTER BASE TEMP 3’)
303 FORMAT (IX, ’ENTER BASE TEMP 4')
WRITE (*, 101)
READ (*, ’(A12)’) INFILE 
WRITE (*, 201)
READ (*, ’(A 12)’) OUTFILE
OPEN (6, FILE = INFILE, STATUS = ’OLD’)
OPEN (7, FILE = OUTFILE, STATUS = NEW)
WRITE (*, 300)
READ (*,*) B l 
WRITE (*, 301)
READ (*,*) B2 
WRITE (*, 302)
READ (*,*) B3 
WRITE (*, 303)
READ (*,*) B4 
CDD1= 0 
CDD2 = 0 
CDD3 = 0 
CDD4=0
50 READ (6,100, END = 600) D, MNT, MXT 
DD1 = (MNT + MXT)/2-Bl 
DD2 = (MNT +MXT)/2 - B2 
DD3 = (MNT +MXD/2 - B3 
DD4 = (MNT + MXT)/2 - B4 
IF (DD1. L T . 0) DD1 = 0 
IF (DD2. L T . 0) DD2 = 0 
IF (DD3 . LT . 0) DD3 = 0 
IF(D D 4.LT.0)D D 4 = 0 
CDD1 = CDD1 + DD1 
CDD2 = CDD2 + DD2 
CDD3 = CDD3 + DD3 
CDD4 = CDD4 + DEM
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